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Abstract 
Cathode-ray tubes (CRT) have been used for the last 70 years and are expected to be 
incorporated in television sets for a further 15 years. The oxide cathode, located 
within the CRT, generates electrons which are focused and scanned across a 
phosphorescent screen to produce an image. 
The oxide cathode consists of a porous BaO/SrO spray layer deposited on a Ni alloy 
base. During operation, the Ni cap is heated. Activators (alloying additions, such as 
Al and Mg) reduce BaO to 'free' Ba, which migrates to the emissive oxide surface, 
reducing the work function. It has been postulated for sotnetime that an interfacial 
layer forms between the nickel and emissive layer, leading to a decrease in the 
performance during life. Early work suggested that the interfacial layer inhibits 
diffusion of activating elements to the reaction area and reduces the electron flux 
drawn from the cathode surface. 
This work examines lifetime tested commercial cathodes using modern surface and 
interfacial analysis techniques. The results obtained are used to provide information 
on interfacial reactions, the role of activators, interface layer formation and the 
reasons for degradation in cathode performance. 
The nickel-emissive oxide interface has been studied after stripping off the en1issive 
oxide. Auger electron spectroscopy (AES) and scanning electron 1nicroscopy 
(SEM)/energy dispersive X-ray (EDX) analysis show the presence of an interfacial 
layer (col'n:posed of Ba, Sr, Al and 0) on cathodes (activated and aged) with no 
operational lifetime and those operated for 1000 and 2000 hours. Cross-sections of 
cathodes after varying operation times have also been examined. Cracks can be 
observed in the nickel cap and these cracks grow with increasing operationallifethne. 
There is a significant enrichn1ent of Mg in the cracks. 
Focused ion beam (FIB) sections of samples exposed for 0, 1000 and 2000 hours have 
been prepared. Results from transmission electron tnicroscopy (TEM) studies on these 
samples will be presented and clarify that the reaction products that form in the oxide 
cathode are cotnposed of MgO and (Ba,Sr)Ah04• Time of flight-secondary ion mass 
spectroscopy (ToF-SIMS) has also been used to acquire depth profiles frotn the 
underlying Ni cap and crack regions. These results are used as the basis of a model of 
the interactions occurring at the nickel/en1issive oxide interface as a function of 
operational lifetime. 
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Chapter 1 
Introduction 
1. 1. History of the Oxide Cathode and Cathode Ray Tube (CRT) 
The oxide cathode came about tnore by chance than design. Indeed, the etnission of 
electrons from an oxide gained its recognition prin1arily as little tnore than an 
experimental anomaly, which becotne evident during an experiment conducted by 
Wehnelt in 1903 [1]. It was whilst Wehnelt was engaged in an investigation into the 
cathode fall of a gas discharge using a platinun1 wire, that he noticed that bright blue 
'cathode rays' were being etnitted frotn certain areas on the wire at tetnperatures of 
800 to 1000°C with low anode voltages of 10 to 100 volts with a gas pressure of ＴｸＱＰｾ＠
2 Torr. Wehnelt concluded that these rays were not emitted frmn the platinun1 wire as 
these temperatures were too low for the Pt to en1it these cathode rays. He therefore 
explained the phenomena by assmning that itnpurities were present on the area where 
the cathode rays were being etnitted. Ftuthermore, he assumed that these itnpurities 
were in fact metal oxides, which had originated fron1 grease contan1ination. 
Following this discovery, Wehnelt undertook a detailed exan1ination of electron 
etnissions frmn n1etallic oxides. As a result he discovered that oxides of the alkaline 
earth metals i.e. beryllium, tnagnesiutn, calciun1, strontiutn, barhnn and radium were 
the best electron emitters and produced son1e 3000 tin1es gteater currents than that of 
an uncoated Pt wire (see Figure 1.1 [2]). These initial experiments lead to the 
development of the oxide cathode [3]. 
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Figure 1.1. A plot of current density Vs temperature from different sources for thermionic 
electron emission (2]. 
This innovation would prove to be seminal in the enormous twentieth century 
technical advances, as the resultant oxide cathode was to become the main source of 
electrons employed in the creation of the contemporary television/visual display unit 
(VDU) images by the CRT, as seen in Figure 1.2. 
The initial developments of the CRT can be attributed to Heinrich Geissler. Geissler 
manufactured the first artificially created vacuum by pumping down a glass tube that 
he had blown with the first ever mercury vacuum pump that he had developed himself 
in 1855. Inevitably, this became known as the "Geissler tube" [4] . Within this 
vacuum it was later discovered that a current could travel between cathode and anode 
via cathode rays in vacuum by Sir William Crookes in 1879 [ 5]. This revelation led 
to the invention of the CRT attributed to Karl Ferdinand Braun, of the University of 
Strasbourg in 1897 [5]. 
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Figure 1.2. A schematic diagram of the CRT. 
However, the potential of Braun' s expertise would be fully realised much later, when 
extensive research into the development of CRT technology led to the first widely 
available commercial television sets in 1939 [5]. Subsequently the demand for 
television (and CRT' s) increased dramatically, a trend greatly enhanced by the 
emergence of colour television in the 1950' s [5] and more recently the increase in the 
market for widescreen TV's. 
Today, the TV is not the only significant user of the CRT; other modem technical 
products have become increasingly reliant on the CRT. The phenomenal market 
growth of personal computers (PC' s), and subsequently PC monitors, for instance, has 
led to a tremendous increase in demand and the need for further improvements in 
CRT technology. World War II, the outcome of which was ultimately dependent on 
the competing nation's ability to utilise their industrial capacity, witnessed an urgent 
need for research and development of the oxide cathode for the use in computer 
VDU's [6]. Research in the CRT field increased, and this technological vigour 
necessitated the immediate undertaking of considerable research to improve the 
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properties of the oxide cathode in an attempt to extend the life of the CRT and the 
subsequent life of the cotnputer 1nonitor. However, the 1970's becmne the zenith for 
oxide cathodes in PC teclmology as companies such as IBM and Apple released PC's 
to an eager public. Concurrently, the finm1cial centres of the world along with 
business in general became aware of the potential unheard-of efficiency that the PC 
would contribute to the work place. Even the gatning industry, within the last decade, 
has pushed the development of PC hardware a11d this cotnn1ercial enthusiasm has 
provided the demand for greater resolution and increase in the size of the PC monitor. 
1. 2. Aim and Motivation for Oxide Cathode Research 
The extraordinary detnand for TV's and cmnputer tnonitors, along with the constant 
desire of the consluner for further in1prove1nents, has appeared to push the CRT 
technology to its lin1its. However, the oxide cathode is one of the tnain cotnponents 
within the CRT that can still be futiher developed in a quest to iinprove the image ｾ＠
quality whilst reducing its cost. Improved perfonnance requires a greater 
understanding of how the cathode functions. Such research is required if the CRT 
technology is to retnain a dominant force in the display technology market. 
Inevitably, questions will be asked about CRT's ability to hold its ground in the ever-
changing, contetnporary, scientific world. Although new teclmologies con1pete with 
CRT technology, the teclmology will retain a strong foothold in the tnarket for several 
years to come, mainly due to its cotnpetitive low cost per inch, and, in addition, its 
overall very good perfonnance. 
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Figure 1.3. A chart showing the market share for different display technologies for 2003-
2008, as presented by iSuppli Corporation 161. 
The CRT's foothold is illustrated in Figure 1.3. Although there is market growth for 
the other display technologies, the number of CRT units sold is to remain stable for 
the next few years. The CRT market is still the largest out of all the display 
technologies. 
The increasing demands for quantity and quality directly led to the design of a 
modified oxide cathode, known as the impregnated cathode. This cathode, in 
comparison to the traditional oxide cathode has the ability to produce higher current 
densities, thus achieving a greater brightness. This then allows the impregnated 
cathode to be used in high current demanding CRT' s such as those used in widescreen 
TV ' s. However, the impregnated cathode is more expensive and less production 
robust than the oxide cathode making it less practical. Ideally the cathode 
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tnanufacturing industry wishes to in1prove the current density that tnay be drawn from 
the oxide cathode so that it can compete with or replace the impregnated cathode and 
therefore reduce costs. At the start of this study it was thought that to achieve this, the 
e1nission current density (ECD) of the oxide cathode 1nust be equal or greater than 
that of the impregnated cathode (8 A cn1-2), as it is this ECD that determines the 
brightness, resolution and lifetilne of the CRT. However, a recent develop1nent in 
electron gun design has meant that the oxide cathode can replace the ilnpregnated 
cathode by achieving an ECD as low as 4.5 A ctn-2• At the tin1e of writing the oxide 
cathode delivers a continuous ECD of roughly 3 A cm-2. 
Previous research has established that a cause of degradation and lhnitation to the 
ECD of the oxide cathode over its lifetilne is due to the fonnation of an interfacial 
layer that is a consequence of reactions taking place during the manufacture and 
operation of the oxide cathode [3, 7, 8, 9, 10, 11, 12]. Therefore, the forn1ation of an 
interface in the oxide cathode has been highlighted as a feature that 1nay be altered in 
order to tnaximise the perfonnance of the oxide cathode [3, 7, 8, 12]. Yet, despite 
roughly 70 years of research it re1nains unclear how this interface actually forms. 
Most of this research that was conducted took place during the tnid-part of the last 
century. At this time the con1position of the materials used within the oxide cathode 
are different to those used today. The discoveries that were made during this thne led 
to changes in the design of the tnaterials used for the cathode n1anufacture. For 
instance, a higher concentration of silicon was incorporated into the cathode base 
material during the tnid patt of the last century. However, this was found to increase 
resistivity of the cathode and reduce the adhesion between the oxide coating and the 
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nickel substrate [8, 11, 12]. Thus in today's oxide cathodes a lower concentration of 
silicon is used. 
Research slowed considerably after the 1950's and only slight alterations to cathode 
design have been made over the last 50 years. However due to the lack of continuing 
research it is now tmsure if an interfacial layer is present in the 1nodern day oxide 
cathode and what effect this interfacial layer n1ay have on the performance of oxide 
cathode [12]. 
1. 3. Proposed Models for the Interactions that Takes Place in the 
Oxide Cathode During Operation. 
1. 3. 1. Introduction 
Since the creation of the oxide cathode, two varying n1odels have been proposed for 
the interactions that take place within the cathode during operation, which allow the 
electrons to be withdrawn fro1n the cathode itself. The first 1nodel which will be 
discussed in this chapter is one that is widely accepted in industry and academia a 
like. It is based on a thern1odynamic argutnent, where as the second 1nodel is based 
on semi conduction theory. Unfottunately, the two theories contradict one another 
(the reason for this will becon1e evident throughout this section), and at the time of 
writing there was still no unified theory for the two models. 
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1. 3. 2. Accepted Mechanism for the Operation of the Oxide Cathode and 
Interface Formation 
The oxide cathode, as seen in Figure 1.4, is made up from a nickel base with a thick 
50 - 100 J.!m porous spray layer. 
ＭＭＭ ｾ ＭＭＭｅｭｩｴｴｩｮｧ＠ Oxide 
---NiCap 
•----Stem 
..,_ ____ Filament Heater 
Figure 1.4. An oxide cathode and a diagram of its internal structure. 
This spray layer is known as the emissive layer and normally consists of either a 
double or triple alkaline earth metal oxide of typically BaO SrO and/or CaO. In this 
study a double carbonate of Ba and Sr was used as this mixture strongly bonds to the 
base metal and has a longer life than that based on a triple oxide coating [13]. It was 
also discovered that this mixture of alkaline earth metal oxides also and more 
importantly provided a higher emission. This important improvement was fir t 
recognized by Benjamin and Rooksby [14] and was reported to occur due to the 
modification of the microstructure that was brought about because of the addition of 
SrO to the BaO. When SrO is added to the BaO the microstructure is made up from 
continuous series of mixed crystals, which provide a higher emission than that from a 
coating consisting purely of BaO [3]. This is due to a needle like microstructure 
forming which has a higher surface area than those microstructures that are obtained 
with other mixtures. This increase in surface area consequently increases the 
reactivity of the coating. 
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The spray layer is deposited as carbonates of the alkaline earth tnetal eletnents in 
solution with an organic binder and solvent. Once the tnixture is dried as the solvent 
evaporates, nitrocellulose binder is left gluing the Sr and Ba carbonates together. The 
cathode is placed in its housing and other pal1s such as the heater are added and 
welded. The cathode is then vacuun1-sealed and sent to the gun factory. The guns are 
assembled and then sent to the tube factory. At the tube factory the gw1s are sealed in 
the glass tube. It is during the sealing of the glass tube when the binder is burnt away. 
Whilst the tube is being sealed it is pumped down to 1 X 1 0-S n1bar, in order to ret110Ve 
any gaseous products that n1ight be present like those that are fonned because of 
burning the binder. 
The next stage in the tnanufacturing process is vital to the performance of the cathode 
and is known as activation. This is where the carbonate spray layer is decmnposed to 
an oxide by heating the spray layer between 900 °C to 1000 °C, whilst drawing 
ctu·rent. Initially the cathode is heated to a temperature range of 850- 975 °C for a 
total of 8 tninutes. Afterwards the cathode is then heated at 97 5 °C for 80 minutes 
whilst drawing current from the cathode. This standard procedure is outlined in Table 
1.1 with the conesponding heater ten1peratures shown in Figure 1.5. 
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Table 1.1. Heater voltages and current loads applied to the cathode during activation and aging. 
Stage of Time Heater DC Load 
Activation (Mins) Voltage (V) (V) 
Stage 1 3 7.3 N/A 
Stage 2 5 9.5 N/A 
Stage 3 5 9.5 50 
Stage 4 5 9.5 70 
Stage 5 5 9.5 90 
Stage 6 30 9.5 50 
Stage 7 35 9.5 15 
1100 
1050 
1000 
g 
ｾ＠ 950 -
B 
e 
Q) 
0.. 900 E 
Q) 
r-
850 
800 
750 
6 6.5 7 7.5 8 8.5 9 9.5 10 
Voltage (V) 
Figure 1.5. Plot showing the equivalent oxide temperature at specific voltages applied to the 
cathode. 
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As a result of carbonate decotnposition carbon dioxide is released, which can have a 
detrimental effect on the perfonnance of the cathode if not retnoved. This is lmown 
as poisoning. Therefore, to improve the vacuum and retnove the gaseous species that 
can reduce the performance of the oxide cathode some chetnicals lmown as getters are 
used within the CRT. Before sealing the tube a getter mixture of BaA14 + Ni is 
sprayed on the surface of the glass this is converted to Ba + 4NiAl during operation. 
This Ba can then react with hannful gases such as Cl, F and S, like so [13]: 
Ba (S) + Ch (g) ---• BaCh (s) 
Ba (S) + 2F (g) • BaF 2 (s) 
Ba (S) + S (g) ｾ＠ BaS (s) 
Within the base metal are a few percent of activators (1 .8 wt% W, 0.03 wt% Al, and 
0.05 wt% Mg). It is believed the role of these activators is to reduce the BaO found in 
the emissive layer, to liberate metallic barium. This 'free' Ba then diffuses to the 
surface (via surface diffusion and I<nudsen flow [15]) of the spray layer and 
distributes itself over the oxide coating [1, 12, 16, 17, 18, 19, 20]. As a result the 
electrical conductivity of the cathode is increased as the work function decreases to 
around 1.1 e V [17] at an operation ten1perature of 820 °C [21]. Activation is therefore 
very important, as it is during this stage that the activators are reducing the BaO for 
the very first time and establishing the characteristics for future operation of the 
cathode. 
However, this operating temperature consequently leads to barium evaporating fron1 
the surface of the oxide cathode, tnaking it in1perative that the free baritun is replaced 
11 
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[1, 12, 15, 16, 18, 19, 20, 22]. The proposed chetnical reaction for the reduction of 
BaO is as follows: 
RA + BaO -7 RAO +free Ba 
where RA represents the reducing impurity atoms (in this case Al and Mg) [21]. 
Previous studies have determined that this solid-state reaction is diffusion-based [8, 
10, 18, 23]. The rate at which the activators interact with the BaO is critical to sustain 
high electron etnission. If too slow, then the concentration of the activators in the 
nickel alloy is too low to sustain emission and the cathode will fail, this is known as 
the emission cut-off rate (ECOR). However, if the etnission current is too high then 
the activators will be consumed faster and reduce the lifethne of the cathode. The 
diffusion tnodel that has been proposed for this reaction states that tlU'oughout the life 
of the oxide cathode the reducing atotns diffuse to the surface of the nickel and reduce 
the BaO at the nickel/oxide interface. Diffusion is believed to occur when the 
activators localised at the interface initially reduce the BaO, as a result a concentration 
gradient is established throughout the base tnetal. When subjected to elevated 
temperatures the concentration gradient induces a flux of activators to the depleted 
reaction site. To counteract this occurrence a continuous delivery of reducing atoms 
is provided to reduce the bariutn; therefore an etnission current can be steadily drawn 
from the oxide cathode. The way in which the eletnents diffuse in both the oxide 
coating and Ni substrate are illustrated in Figure 1.6. 
12 
Ba top layer : 
low work function 
Porous Ba/Sr- oxlde 
layer 
Interface layer 
Nl base w ith 
activators ( 
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50.100 Jm 
Em I slve laye r 
Figure 1.6. A schematic of the proposed model for the diffusion of chemical elements through 
the emissive layer/base metal during current withdrawalj121. 
The two main reducing elements that are used in today ' s cathodes are AI and Mg [9, 
24] . These two elements have been selected due to their diffusional properties. Mg 
has a high diffusion coefficient and ensures high initial emission, whereas AI has a 
lower diffusion coefficient and maintains high emission levels during long periods of 
cathode usage. Prior to cathode manufacture the Ni alloy is annealed. After the 
annealing process it has been readily reported that the base metal in the oxide cathode 
has large amounts of MgO found on the surface using such techniques as scanning 
electron microscopy (SEM) with energy dispersive X-ray (EDX) analysis [24]. The 
activators follow a preferential diffusion path along grain boundaries of the nickel. 
This is not surprising, as it is well known that grain boundaries act as fast paths for 
diffusants [25, 26]. Magnesium is not only found in the grain boundaries of the base 
metal but across the entire surface, a result of its high diffusion rate of 9.85xl o·ll cm2 
s·
1 
at 1273K in nickel, which permits its movement through the base metal and to the 
surface during the annealing stage. However the rate of diffusion for aluminium is 
less pronounced, the diffusion coefficient of AI in Ni being 6.86xl o· 11 cm2 s·1 in 
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nickel at 1273 K. Both diffusion coefficients were calculated using the following 
equation: 
-Q 
D=D eRT - (1) 
0 
whereby Dis the self-diffusion constant of an ･ｬ･ｾｮ･ｮｴ＠ (m2 s-1), Do is a constant called 
the frequency factor (m2 s-1), Q is the activation energy for diffusion (J tnor1), R is 
the universal gas constant (8.314 J l(-1 mor1) and Tis the ten1perature (I<) [26]. For 
these calculations values of Do and Q from Alison and Smnelson [23] and are shown 
in Table 1.2. 
Table 1.2. Values of 0 0 & Q for· Mg & AI in Ni, established by Alison and Samelson for 
temper·atures between 1073 to 1243 K [231. 
Eletnent Do Q 
(ctn2 s-1) (J tnor1) 
Mg 2.3x1o-=> 130,834 
Al 1.1 248,710 
Swalin and Martin also investigated the diffusion of the activators in the Ni at these 
operating temperatures and establish that the Do for Al in Ni to be 1.87 cnl s-1 [27] 
which is in good agreement with Alison and Smnelson's 1.1 ctn2 s-1• 
It is reported in the literature that the reaction enthalpy for the formation of the 
respective activator oxide L1lf.r, is also a11 in1portant factor for the selection of an 
activator. In order for an element to be considered as an activator, its LlH1 value for 
oxide formation must be tnore negative than BaO and SrO fonnation enthalpies. Only 
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when this criterion is met, will the alkaline earth oxides be reduced and the resulting 
oxide becomes stable [19]. 
Table 1.3. AHr values for the metal oxides that are present in the oxide cathode [191. 
Metal Oxide o I LJH f. 298 (kJ mor ) 
NiO -240.2 
BaO -548.1 
SrO -591.2 
MgO -601.7 
Si02 -907.9 
Ah03 -1676.9 
Table 1.3 list L1Hj, 298 values for various oxides that 1night be present within the oxide 
cathode systetn. It is clear to see that Ni is inert with reference to the reduction of 
BaO and SrO but the two activators used in this study i.e. AI and Mg are ideal for 
reducing BaO and SrO. However the argument for selection of activators purely on 
the bases of the enthalpy of reaction is only relevant when talking about reactions that 
occur at 0 1(, which is obviously not the case. Due to the tetnperatures that the 
reactions will occur at during the operation of the oxide cathode a Gibbs free energy 
argu1nent is necessary. This is because as the te1nperature of the systen1 increases so 
does its entropy, this is seen in the equation below, which is used to calculate the 
Gibbs free energy change during a reaction: 
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whereby L1Gr is the change in Gibbs free energy of the system (kJ) L1H29s is the 
reaction enthalpy for the formation at 298 K (kJ mort) Tis the temperature (K) and 
L1S298 is the change in entropy at 298 K (J mort K) [28]. An Ellingham diagram can 
be used to calculate the free energy change of an oxidising/reducing system. Figure 
1. 7 shows the Ellingham diagram for Mg Al and Ba. For an element to be considered 
as an activator, its oxide must be more stable than the oxide to be reduced. This is 
shown on an Ellingham diagram when the value for the activators oxides free energy 
is more negative than the oxide of which the activator is reducing. It must be noted 
that although this reaction is viable according to thermodynamics it does not mean 
that it will occur, this is defined by kinetics. Therefore at 820 °C (or 1093 K the 
operating temperature of the cathode), the free energy of activator oxide formation 
must be more negative than that of BaO. At this temperature Mg clearly behaves 
as an activator. However at 1093 K the free energy of Al is only slightly more 
negative than that of Ba, if at all and hence the reaction 3Ba0 + 2Al ｾ＠ Ah03 + 3Ba 
has a rather small thermodynamic driving force. 
Temperatvre, K C\tendnc 
r-. ...... 
-S.DOE+05 ＮＬＭＭＭｲＭＭＮＭＭＭＮＭＭＭＮＭＭＭＭＬＮＮＭＭｾｲＭＭＭＭＭｲＭＭＭＭＬ＠
-8.50E+05 
-9.00E+05 
ｾ＠ -9.50E+05 
....., 
r.3 
ｾ＠ -l.DOE+86 
Q 
- 1.05!+06 
-l.lOE+Ofi 
5 I "' '711 Ill '" IIH I 
Figure 1.7. Ellingham diagram of BaO and the initial proposed oxides that form due to the 
reduction of emissive oxide by the activators. Ellingham data supplied by NPL, Teddington, UK. 
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It is important to note that the L1Hj values for the tnetal oxides given in Table 1.3 have 
assumed that for every mole of Ni/Ba/Sr or Mg there is 1 1nole of oxygen e.g. MgO. 
However, this is not the case for the Al quoted in Table 1.3, as its oxide has a 
stoichiotnetry of 2:3. Therefore, when comparing LlH1 values only a third of the 
Ah03 value should have been quoted. As a result a value of 133.6 Kcal n1or1 should 
have been quoted, which is slightly more negative than the value, which is shown for 
Ba in Table 1.3. Therefore it would seen1 that Al is not such a good activator as first 
thought. However, this is assuming that Ah03 is formed as a reaction product, which 
might not be the case. 
1. 3. 3. Semi Conductor Model 
Quantum mechanics dictates that the energies of electrons in an ato1n are quantised; in 
other words, the electrons are only found to have specific energies, known as energy 
levels or states. Below is a schetnatic representation of the relative energies of the 
electrons found in a carbon atom, which has an atomic number of 6. 
2P 
2S 
1 s 
Figure 1.8. Schematic •·epresentation of the filled enet·gy states for a carbon atom. 
The manner in which these energy states are filled is detennined by Pauli's exclusion 
principle, which states "no two electrons within a given system (e.g. an atom) may 
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have all four identical quantum numbers, n, l, m1 and ms'' [29], where n is the 
principle quantum number i.e. the quantised energy state of the electron, I is the 
orbital angular motnentum quantutn nm11ber, m1 is the tnagnetic quantun1 ntunber and 
ms is the spin magnetic quantum nun1ber. This means that no two electrons n1ay 
occupy a given energy state at a time, unless the two electrons have opposite spin. 
2s Electron 
energy band 
(12 states) 
ls Electron 
ﾷ ｾ＠
Q) 
c: 
w 
energy ｢｡ｮ､ＭＭＫＭｾ＠
(12 states) 
2s Electron state 
ls Electron state 
Interatomic separation 
Figure 1.9. Schematic plot of electron energy against interatomic separation for a group of 12 
atoms. As a result of this aggregation each of the enet·gy states has split to form enet·gy bands 
made up from 12 states (301. 
In a solid 1naterial there are 1nany atoms, which have ilnplications to the energy states 
within a particular atom [30]. Lets consider a large nutnber of electrons, N, which are 
separated from one another. These atoms will have large interatomic separation 
distances, therefore, we can see from Figure 1. 9 that the atoms energy states are 
independent from one another and will behave as if isolated. However, when these 
atoms bond together, there interatomic distances are decreased, and furthennore the 
atoms electrons and nuclei interact with neighbouring aton1s, causing the energy states 
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to split into a series of close packed energy states. As shown in Figure 1.1 0 the extent 
of splitting of a particular energy state is dependent on the interatomic separation of 
the atoms. This splitting also starts with the outermost electron shells, as they are the 
first to interact with neighbouring electrons from other atoms. Furthermore, as N 
becomes very large that the energy state separation distance between the split sates 
can become infinitesimally small thus forming an energy band as illustrated in the 
figure below. 
(a) (b) 
Energy band gap 
ｾＭＭＭＭＭＭＭＭＭｲ＠ ----------ｾＭＭＭＭＭＭＭＭｾＧ＠ ＭＭｾｾｾｾｾｾｾＭＭ
- ------------ ＭＩｾＭＫＭＭＭＭＭ
Equilibrium 
interatomic 
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Interatomic 
separation ｾ＠
Figure 1.10. (a) Conventional band gap diagram; (b) a plot of electron energy against interatomic 
separation for amalgamation of atoms [30]. 
The equilibrium interatomic spacing is the interatomic distance between atoms in a 
solid material in equilibrium state. Figure 1.10 (b) shows that at this equilibrium 
interatomic separation gaps between bands may exist. No electrons may normally 
occupy energies with in these gaps. If sufficient energy is given to the electrons in the 
last filled band (known as the valence band, as this band would be filled with valence 
electrons), then it is possible to get these electrons into the band above. Electrons that 
have been raised into the band above the valence band (known as the conduction 
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band) are available for conduction. It is the width of the gap (Eg) between the valence 
band and conduction band that detern1ines if the n1aterial is a ｳ･ｮＱｩｾ｣ｯｮ､ｵ｣ｴｯｲ＠ or an 
insulator. If Eg was 10 e V then the material is an insulator, however, if it is of the 
order or a few eV then it is a sen1iconductor. A conventional band gap diagrrun is 
represented in Figure 1.10 (a). 
It is assumed that the interface and etnissive coating is an excess extrinsic ｮｾｴｹｰ･＠
semiconductor [6, 8, 12]. This is because the free barium found in the interface and 
coating has a higher valence than the surrounding cotnpounds in that systen1. 
As a result some nonbonding electrons are produced which are localised around the 
hnpurity atom by weak electrostatic attraction [29]. Figure 1.11 shows the band gap 
diagram for the coating and interface of the oxide cathode. Where E v is top of the 
valance band, Ec is the botto1n of the conduction band, Eg is the band gap energy (i.e. 
the difference between Ec and E v) and E F is the F enni energy. The F enni 
energy/level has tnany definitions, but for this study the Fermi energy will be defined 
as the value below which all energy states are full and above which all energy states 
are empty at 0 K [28, 29]. This band gap diagrrun represents the coating and interface 
because for ｮｾｴｹｰ･＠ setni conductors Ep is closer to Ec rather than that of a ｰｾｴｹｰ･＠
semiconductor where EF is closer to Ev, and as we can see in Figure 1.11 EF is closer 
to Ec [29]. Furthermore in this n1odel the valence band is related to the valence 
electrons in the hnpurity ato1n i.e. the free Ba [ 6]. 
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Figure 1.11. Band gap diagram of the emissive coating and interface. 
Eisenstein derived that the conductivity a, of the cathode system is proportional to 
the exp (EF-EC)IkT' where k is the Boltzman constant (1.38x10-23 J K- 1) and Tis the 
temperature (K). Following this he then went on to derive a Richardson type equation 
that showed that the ECD, j , was proportional with exp <-0 /k7) ' where 0 is the total 
thermionic work function. Nishibori and Kawamura showed that there was a linear 
correlation between the emission and conductivity [31]. This was also later 
confirmed by Hannay [32]. As a result Eisenstein was then able to conclude thatj/a is 
proportional to exp (-EA!k7) ' where E A is the surface work function. Before any 
comment can be made about this relationship, one must appreciate the role of E A. For 
an electron to be emitted for the oxide cathode it must not only gain enough energy to 
get from the valence band and into the conduction band, but it must also have enough 
energy to surpass the total thermionic work function (in this case 1.4 e V). However 
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the total thermionic work function is made up from several parts as seen in the 
equation below: 
Here we can see that the surface work function, conduction energy and F ern1i energy 
are important parameters to the total work ftmction. Thus, the surface work function 
is an important paratneter to the total work function. Eisenstein then went on to 
conclude with reference to the work of Nishibori and l(awatnura that if a linear 
relationship existed between the conductance and ECD then EA had to be independent 
on the concentration of Ba present on the surface [ 6]. Therefore the se1ni conducting 
1nodel suggests that the emissivity of the oxide cathode is independent of the Ba 
concentration on the surface of the oxide cathode, contradicting the thermodynan1ic 
1nodel, which says that emissivity is dependent on the Ba concentration of the surface 
found on the oxide cathode. 
1. 4. Conclusion 
To summarise, although new display technologies shm·e of the n1arket is growing, the 
number of CRT units sold each year is still stable and projected to remain so. 
Industry is looking to improve the ECD of the oxide cathode so that it may finally 
replace cathodes that produce higher ECD' s that are used in such applications as 
widescreen TV's. This way the CRT industry can reduce the cost of a CRT unit and 
extend the life of the CRT as a display technology in the 1narket. 
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In this chapter two models have been proposed. One based on a thermodynamic 
argument and the other based on setni-conductor theory. Unfortunately, these two 
models contradict each other, and at this time there is no theory that unifies the two 
models. However, recent work has shown that the tnore popular tnodel based on 
thermodynatnics is more likely to be the correct one [33]. 
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Previous Findings on the Chemistry, Structure and 
Properties Associated with the Interface Layer. 
2. 1. Introduction 
It is at the interface of the base metal (i.e. the Ni) and the en1issive layer that the 
reaction products fonn and accutnulate, thus building an interfacial layer. The oxide 
cathode has been the subject of study for the last 100 years, but it was not until the 
1920's that this interface layer was recognised, by Arnold, when he reported the 
presence of a well-adhered layer next to the core of a platinun1-iridiun1 filmnent that 
had been coated with a double carbonate [34]. This discovery at first delighted 
scientists as it was thought that 111at1y unexplained cathode phenmnena could be 
explained in tenns of interfacial layer fonnation [8, 35]. However, later it e1nerged 
that in fact they could only relate electrical properties to the interface layer under 
special conditions [3]. This chapter will present these results and discus what 
relevance they have in relation to the cathode that is of interest in this work. 
2. 2. Blocldng of Activators Diffusion Paths 
In 1949 it was established that this interface layer blocks the diffusion of activators to 
the emissive layer, thus lowering the yield of free Ba [8, 9]. This blocking effect has 
been associated with the reaction products forn1ing preferentially near the grain 
boundaries of the base metal in the initial stages of life. As the interface reaction 
continues the diffusion of the reducing activators to the etnissive layer becmnes more 
difficult, because the reaction products block the fast diffusion paths i.e. the grain 
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boundaries, as seen in Figure 2.1 [ 1 0]. As a consequence Samsung have tried to 
overcome this problem by sputtering a fine grained nickel coating of 1-2 J.lm onto the 
nickel base metal [1 0] , increasing the number of diffusion paths and limiting the 
blocking effect (see Figure 2.1 (b)). Samsung chose nickel as the coating material so 
there could be no mismatch in thermal properties and no chemical interaction with the 
base metal and emissive layer. Samsung claim that such alterations to the 
microstructure can increase the life of the oxide cathode two-fold and also increase 
the ECD. 
Figure 2.1. (a) The proposed model for the blocking at the interface layer; (b) the altered 
microstructure proposed by Samsung in order to create more diffusion paths to the emissive layer 
1101. 
These reaction products do not only form during the manufacture and operation of the 
cathode. Before the oxide cathode is assembled the substrate Ni is annealed, during 
which the activators/alloy addition diffuse to the surface of the Ni and oxidise. 
Therefore the interface layer is present at the very start of life. 
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2. 2. 1. The Initial Interface 
Diffusion of activators takes place during three stages of cathode life and 
manufacture, these stages are identified as - (i) annealing of the Ni substrate strip 
prior to alkaline earth metal carbonate deposition, (ii) activation of the cathode and 
(iii) operation of the cathode (known as ageing). It is during the first stage in which 
the activators diffuse to the surface and react with the attnosphere to fonn a surface 
oxide. 
Roquais extensively studied the Ni substrate prior to coating, using analytical 
teclmiques such as SEM with EDX, Auger electt·on spectroscopy (AES), transtnission 
electron microscopy (TEM) and glow discharge optical etnission spectroscopy 
(GDOES) [24]. Roquais bonded nichrome (20-wt% Cr) to a nickel strip and rolled it 
down to 90 J.l111. The nickel had been vacuun1 melted and doped with a few hundred 
ppm of Mg and Si. AI was additionally present as a residual impurity at around 1 00 
pptn. This bimetal strip was then annealed for a couple of 111inutes above 1 000 °C in a 
reducing attnosphere (of damp flowing hydrogen). 
SEM/EDX revealed that the nickel strip was covered with different con1pounds that 
exhibited a grain-like structure, as seen in Figure 2.2 [24]. 
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Figure 2.2. A secondary electron image of the "initial" grain structure prior to spraying [241. 
The EDX analysis showed that a heterogeneous distribution of magnesium oxide 
(MgO) was scattered all over the surface and that AI was preferentially located at the 
grain boundaries. For confirmation of the existence of more magnesium than 
aluminium on the surface of the nickel, AES was used to estimate the surface 
composition. Prior to the analysis, the contamination layer and oxide layer was 
etched away using an argon beam. The presence of peaks at 1182 e V and 13 88 e V in 
the AES spectrum indicated the presence of Mg (froni the Mg-KLL transition) and AI 
(from the Al-KLL transition) respectively. Given this Roquais calculated semi-
quantitative concentrations using the following formula: 
where Csx is the concentration of the element X (at%), lx is the net peak area of 
element X, Sx the relative sensitivity of the element X at the primary energy used for 
the analysis at 8 ke V and the other terms with subscript N are the same as previous 
but for all the elements summed together. Using this approach Roquais showed that 
the surface of the nickel before activation contained 93 at% Ni, 5 at% Mg and 2 at% 
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AI. Poret took this one-step fiuther and subjected the satne Ni alloy to a temperature 
cycle that the Ni would experience during activation. Using AES and the above 
equation he discovered that the surface composition had changed to 94 at% Ni, 1 at% 
Mg and 5 at% Al (see Table 2.1) [9]. 
Table 2.1. Surface concentration on Ni before and after activation, estimated by AES [9, 24]. 
Ni-LMM Mg-KLL Al-KLL 
Auger Transitions 
(848eV) (1182 eV) (1388 eV) 
Sx at 8 keV 245 126 67 
lx (cps. eV) 116246 2946 862 
before activation 
Csx (cps. eV) before 93 5 2 
activation 
lx (cps. eV) 123356 776 1963 
after activation 
Csx (cps. e V) 94 1 5 
after activation 
This shows that before any vacuum heat treatment has taken place that the crystallites 
present on the surface contain a tnixture of Al and Mg with a higher concentration in 
the later. After heat-treating the Mg concentration dropped whilst the Al 
concentration increased. 
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Roquais subsequently went on to compare the morphology of the surface with the 
underlying grain structure of the nickel, by obtaining a SEM image of the surface 
followed by a SEM image of the underlying microstructute after annealing, polishing 
and etching (see Figure 2.3). 
Figure 2.3. A secondary electron image of the underlying nickel grains after polishing 
away of the grain like structure that forms prior to spraying 124J. 
The grain size of the underlying Ni was around 45 ｾｭ Ｌ＠ whereas the size of the 
microstructural features on the annealed surface was about 15 ｾｭＮ＠ Therefore, the two 
microstructures are not simply related. 
Roquais then went on to identify the phases that had formed on the nickel strip using 
TEM. Roquais identified periclase MgO, spinel MgAh04 and aAb03 to be present 
on the surface of the nickel strip. These three compounds are found in the Mg0-
Ah03 phase diagram as seen in Figure 2.4. 
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Figure 2.4. Mg0-Al20 3 phase diagram 124J. 
We can distinguish from this phase diagram that there are only two regions over the 
whole composition range i.e. MgO + MgAb04 and Ah03 + MgAh04 that are 
separated by a single line compound. Roquais states that only two of these phases can 
coexist locally at given titne, and that frotn a thermodynatnic point of view the most 
likely compounds to be found on the surface of the Ni are MgO together with 
MgAh03, but gives no reason for why this is the case. Furthermore, Roquais 
obtained diffusion profiles of the activators in the nickel before and after the 
annealing stage using GDOES. Roquais used his results to propose a n1odel for the 
formation of the surface oxide. An illustration of this tnodel can be seen in Figure 
2.5. 
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(a) 
(b) 
MgO 
(c) 
Figure 2.5. An illustration of the proposed diffusion (a) during the first moments of the 
annealing step; (b) after re-crystallisation and grain growth during the annealing step and c) 
schematic of the base metal surface structure after the annealing step 1241. 
The model proposes that at the start of the annealing step, the Ni grains are still small 
and can be referred to as "initial grains" to which a pattern of initial grain boundaries 
decorates the Ni surface. Preferential diffusion of Mg through the grain boundaries 
occurs, leading to the decoration of the initial grain boundaries by MgO. As the 
annealing proceeds, growth of Ni grains occurs. Both Mg and AI diffuse to the 
surface and oxygen penetrates the nickel strip, mainly through the grain boundaries. 
MgO, Ah03 and MgAh04 forms on the nickel surface, decorating the newly formed 
grain boundaries. After annealing the strip surface is covered by two patterns of 
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compounds, the first pattern corresponding to the pattern of grain boundaries existing 
at the start of annealing i.e. that which is n1ade up from MgO and the second pattern 
corresponding to the final pattern i.e. that which cotnprises of MgO + either MgAh04 
or y-Ah03 [ 13]. This model would seem to suggest that the AI and Mg are oxidising 
by cation diffusion. Cation diffusion occurs when an initial oxide layer is formed in 
the early stages of life e.g. the initial MgO reaction product (see Figure 2.5 (a)). 
Following this, metal atoms (in this case Aland Mg) then diffuse across this oxide in 
the form of cations. For the metal to do so it must disassociate into interstitial ions 
and electrons within the oxide itself [36]. These free electrons n1ay not be 
accommodated in the valence band of the oxide and n1ust occupy the conduction 
band. Consequently, oxygen adsorption will retnove these free electrons from the 
oxide and create oxygen ions. These 0 ions will then react with the interstitialtnetal 
ions in the oxide to form surface oxide species. Nevertheless these surface products, 
if not removed before spraying of the emissive layer, will degradate the performance 
of the cathode by enhancing the blocking efiect. 
2. 3. Discovered Compositions of the Interface Layer 
In the literature on oxide cathodes large nun1ber of phases have been reported to from 
at the interface layer [3, 7-9, 24, 37, 38]. Self-evidently, as most of the interface 
composition detennination took place in the tnid-part of the last century X-ray 
diffraction (XRD) techniques were used to detennine the composition, as other n1ore 
advanced techniques were obviously not available. During this titne tnany different 
activator eletnents were being used and tested, these included AI, Mg, Ti, Si and W. 
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Finemann and Eisenstein atnong the first scientists to investigate interfacial products 
formed at the interface [39]. 'They discovered what was thought of at the tin1e as a fonn of 
barium silicate BaSi03 on a substrate of 2 at1d 5 wt% Si- Ni, coated with a double 
carbonate. However, they reported that there was a sn1all discrepancy in the d spacing 
for the measured d values when compared to the d spacing for a synthetic BaSi03 in 
1946 [39]. A yem· later Rooksby reported that this was actually Ba2Si04, as he had 
discovered the same interfacial product between a 0.4 wt% Si-Ni substrate and a 
double carbonate emissive coating [7]. This was reported to have been confirn1ed by 
Finemann and Eisenstein to Rooksby through a private cotntnunication [7]. Rooksby 
also reported barium aluminate (BaAb04) present at the interface of a cathode 
prepared on a 2 wt% Al-Ni base tnetal and bariutn orthotitat1ate (Ba2 Ti04) on a 0.23 
wt% Ti-Ni base tnetal [7]. 
LaterEisensteinetalbelieved they would find barium tungstate (Ba3 W06) on a substrate 
alloy of 4. 7% W -Ni after 6000 hours of life testing, but when they conducted XRD 
studies they identified Ba2Si04 instead [37]. A chen1ical analysis of the original Ni 
substrate indicated the presence of 0.02 wt% Si in the alloy. They postulated that 
indeed Ba3 W06 forn1ed during the early stages of life but had reacted with the Si 
during the later stages of life. This was deetned as a positive effect as it was believed 
that W was an activator, therefore the release of W could react with the coating to 
produce more free Ba. To test their hypothesis they synthesised Ba3 W06 and heated 
it with Si. Indeed their hypothesis seemed correct as they identified Ba2Si04 to be 
present. As part of this study they also investigated a selection of known interfacial 
products in reaction with a selection of activators. They detennined that BaAh04 was 
the most stable interface product when heated with such activators as W, Ti and Si 
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[37]. Meanwhile, Wright identified MgO at the interface of cathodes prepared fro1n a 
0.12 wt% Mg-Ni base metal [3, 42]. 
From all the XRD work that Eisenstein had conducted it was concluded that although 
the oxide coating contained both Ba and Sr only Ba con1pounds formed at the 
interface [6, 8], which is contradictory to the work of Gaertner who states that Ba is 
replaced partly by both Ba and Sr in the compounds found in the interface e.g. 
Ba2SrW06 or (Ba, Sr)Si04 [19]. Aida et al produced a plot shown in Figure 2.6 
showing the temperature dependence of equilibriun1 Ba, Sr and Ca vapour pressures 
produced in the reaction of BaO, SrO and CaO with W [40]. L1GT fi·on1 equation 2 
can simply be related to the Ba/Sr/Ca vapour pressure with the following equation: 
!1G; = -RT!nPJJa,sr,ca- (5) 
where R is the universal gas constant (8.314 J K-1 mor1) and Psa,Sr.ca is the vapour 
pressure of either Ba, Sr or Ca. Therefore as the vapour pressure increases the free 
energy of the reactions decreases i.e. as you go up the y-axis of the free energy 
decreases, meaning that the 1nost thern1odynamically stable phases that form at the 
interface are those that are found near to the top of this plot. Therefore the likelihood 
of finding Ba at the interface is greater than finding Sr at the interface, and agrees 
with the work of Eisenstein. 
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Figure 2.6. Plot of calculated vapour pressure against reciprocal temperature in order· to show 
the temperature dependence of equilibrium Ba, Sr and Ca vapour pressur·e in reaction of Ba, Sr 
and CaO with W [40]. 
2. 4. Interface Thickness 
An increase in interface thickness could reduce the rate of free bariun1 generation, as 
the diffusion path for the activators to the BaO will grow as a consequence of this 
increase in interface thickness. This consequently limits the lifetime and 1naxitnum 
current that can be drawn from an oxide cathode. 
The main technique used to measure interface thickness is based on a con1parison of 
the integrated intensities of XRD lines scattered from a thin crystalline surface i.e. the 
interface layer and from the underlying Ni substrate. During XRD analysis the 
sample is continuously rotated in order to tninimise the preferred orientation of 
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diffraction spots arising from the large crystals of the underlying nickel [8, 41] . In 
1947 Wright predicted an interface thickness of 0.1 - 1 J..tm, by n1easuring electrical 
properties of the cathode interface and coating after running a double carbonate 
cathode for roughly 20 minutes at 1000 K using aNi substrate of 0.07 - 0.15 wt% Mg 
and < 0.1 wt% Si. Wright then used his measurements of the electrical properties to 
predict an interface thickness [42]. Two years later Eisenstein prepared cathodes of 5 
wt% Si - Ni alloy base 1netal coated with double alkaline earth metal carbonate and 
heated them at 11 7 5 I( for varying periods and measured the thickness using the XRD 
analysis, the results of which are plotted in Figure 2. 7. Fro In these results it can be 
seen that the thickness of the interface layer developed as a function of tin1e and grew 
fron1 4 - 24 J..tm over a period of 100 hours of heating [8] . 
I I 
ｾＰ＠
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Figure 2.7. A plot showing the var·iation of interface thiclmess with time for two cathodes 
heated at 1125 K [8]. 
In the same publication Eisenstein reports that through a private con11nunication 
Rooks by thought that the interface thickness was likely to be 10 f..!m thick. However, 
no details are given about what type of cathode was used or what temperature and 
length of titne the cathode was run tu1der. This clearly contradicts the thicknesses 
quoted by the previous two scientists. Unfortunately, Rooksby did not state the 
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corresponding operation thnes under which the interface layer had fonned. A year 
later Hensley and Affleck performed a study to investigate the change of interface 
thickness with time, using aNi with a W activator, the cotnposition of which is not 
given. Unlike Eisenstein who reported a growth in the interface thickness over a 
period of 100 hours. Hensley and Affleck reported that a 1naxhnum thicla1ess was 
obtained after only 10 minutes of heating at 1148 I( [43]. 
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Figure 2.8. Another plot showing the variation of BaW03 inte..Cace tbiclmess as a function of 
time and tempea·ature at 1148 K (43]. 
It is reported that as well as heating the cathode, current withdrawal may also lead to 
an increase in interface thiclmess [43]. However, Eisenstein, Hensley and Affleck did 
not draw cunent during their experiments. Furthern1ore, their heating temperatures 
were very similar. The only difference between the two experitnents was the choice 
of activators, with Eisenstein using Si and Hensley and Affleck using W, yet still 
there results are very different. More recently, Aida eta! discovered that the atnount 
of reaction product at the interface was found to increase proportionally to the square 
root of the reaction time [40]. To detennine this relationship, samples of ternary 
alkaline eat1h metal carbonate powder were prepm·ed and sprayed onto the base n1etal. 
This syste1n was than heated for certain periods of thne to sin1ulate the activation and 
ageing. After the reaction had taken place, the specimens were a11alysed using XRD 
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and the product amounts were related to the highest peak intensity from the XRD 
spectra. It was then concluded that if the density of the reaction products were 
assumed to remain constant, then the thickness of the interface layer should be 
proportional to the square root of the reaction time i.e. time of cathode operation. 
Unfortunately, all of these studies contradict one another as shown by the schematic 
in Figure 2.9. 
Hatsley A Aftlec:k 
ｔｩｭ･ｾ＠
Figure 2.9. Schematic showing the different ways in which the interface layer has been 
reported to grow [8, 40, 43J. 
Moreover, in a later publication Eisenstein reports finding another Ba2Si04 interface 
layer which was approximately 1 J.lm thick on a cathode that had be run at 970 K for 
5000 hours with a double carbonate coating [35]. In the following year Harwood had 
also found a Ba2Si04 layer in two cathodes with varying composition 0.048 - 0.17 
wt% Si-Ni, respectively. After running the cathodes at 1038 K for 2000 hours the 
thickness of the interface layer had reached 0.9 J.lm in the higher Si concentration 
cathode and 0.6 J.lm in the other [44]. 
38 
Chapter 2: Literature Survey 
The table below sumtnarises the thicknesses of the interface layers that were 
tneasured by the different parties. The interface thickness according to these results 
ranges from 0.1 - 24 J..tm. Furthennore, these results seen1 to suggest that the drawing 
of current does not lead to an increase in interface thickness, as those tneasuretnents 
that have been made on cathodes that have had current drawn frotn thetn do not have 
the largest values for interface thickness. 
Table 2.2. A table showing the interface thiclmess measures by a variety of scientists. 
Year of Scientist Cathode Cathode Interface Thickness of Current 
Publication Operation Operating Products Interface Drawn 
Time (hr) Temperature Layer (m) 
(K) 
0.1xto·o _ 
1947 Wright 0.33 1000 Unknown Yes 
1xl 0"6 
1949 Rooksby Unknown Unknown Unknown 1 Ox 1 0"6 Unknown 
4x10-f>-
1949 Eisenstein 0 "100 1000 Ba2Si04 No 
24xl0·6 
Hensley & 0.6xto·f>-
1950 0- 1000 1148 BaW03 No 
Affleck 0.9xto·6 
1954 Eisenstein 5000 970 Ba2Si04 1x1o·(J Yes 
0.6x10-(J-
1955 Harwood 2000 1038 Ba2Si04 Yes 
0.9xl0·6 
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2. 5. Electrical Resistance Associated with the Interface Layer 
In the past the interface layer has reportedly had a high resistance associated with it 
[8, 12, 35, 45, 46, 47, 48, 49, 50, 51]. An increase in interface resistance has several 
detrimental effects on the cathode syste1n. The first is an increase in joule heating, 
which consequently gives rise to a large voltage drop when current is drawn fr01n the 
cathode. Furthermore, at high emission currents, the voltage 1nay drop significantly 
lhniting the maximmn available current through the phenomena of sparking [35, 49]. 
Sparking is where an arc fonns between the anode and cathode and as a result each 
spark will result in a sn1all loss of coating, which can reduce the perfonnance of the 
cathode. The interface resistance is 1neasured by imbedding fine wire probes into 
various parts of the interface/etnissive layer and 1neasuring the resistance to 
1nicrosecond pulse current [3 9]. Microsecond pulse currents are used instead of 
continuous, as the onset of sparking, in terms of current, is higher in pulsed n1ode of 
operation than that of a continuous 1node [42]. 
It was discovered that whilst using aNi base with a Si activator Ba2Si04 would form 
readily at the interface [ 6, 8, 3 5, 3 7, 4 7, 51]. Of all the interfacial products that have 
been identified in the literature Ba2Si04 has been reported to have the highest 
electrical resistance associated to it. Child reported that this Ba2Si04 layer had a 
resistance in the range of 2-20 Ohms and could reach as high as 50 Oluns under 
certain conditions [51], whereas a Ba3W06 interface layer has been reported to have 
no resistance associated with it [3 7]. As a consequence it was found that the nickel 
cathode base 1naterial should contain no 1nore than 0.001 wt% Si [47], minitnising the 
formation of Ba2Si04 and hence leading to the decrease in alloy content of Si in 
today' s oxide cathodes. It was also concluded that the resistance of the interface layer 
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has tetnperature dependence similar to that of a setniconductor i.e. the resistance 
decreased as the temperature increased [8, 35]. Seymour concluded that the interface 
resistance could be calculated using the fonnula below: 
Ri=pd_(6) 
s 
where R; is the interface resistance (Ohtns, 0), pis the resistivity of the intetface layer 
at the operating temperature (Qtn), dis the thickness of the layer (1n) and s is the 
coated area of the cathode (m2) [ 45]. Therefore according to Seyn1our the interface 
resistance is not only dependent on the resistivity of the product that fonns but also its 
thickness. However, Nergaard and Meteheson later concluded that frmn their results 
it was clear that the resistance of the Ba2Si04 layer was not proportional to the 
thickness of this layer and that the thiclmess of the layer could not be simply equated 
to the interface resistance. Thus, the thickness has some influence on the resistance of 
the interface but to what extent is unlmown. It was also discovered that no interfacial 
resistance was present at the very begilu1ing of life [ 4 7, 51]. Child then tneasured the 
resistance at the interface after 500 hours and 1000 hours of life whilst drawing 2.5 
rnA and 24 rnA (see Table 2.3). 
Table 2.3. Measure of interface resistance after 500 and 1000 hours of life and whilst drawing 
2.5 rnA and 24 rnA of current [51]. 
Cathode Current= 2.5 n1A Cathode Current = 24 InA 
@ 500 Hrs. @ 1000 Hrs. @ 500 Hrs. @ 1000 Hrs. 
R=8Q R= 15Q R=2n R=3.5Q 
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Clearly the resistance increases as the operation lifetime of the cathode increases, 
Child also showed that the interface resistance also increased when the operational 
te1nperature of the cathode was increased [51]. 
2. 6. Interface Configuration, Location and Adhesion 
The carbonate coating deposited onto the base metal is highly porous. The nickel 
base metal used also has a rough surface, meaning that the contact between the two is 
highly irregular. It has been calculated that the theoretical porosity of the carbonate 
coating before conversion to an oxide is 82 vol o/o, which 1neans that the contact area 
between the carbonate coating and the nickel is likely to be close to 18% of the total 
area [17]. Lefki who studied this interface with SEM found that the interface was 
indeed irregular. He concluded that this is actually an advantage to the 1nechanical 
behaviour of the cathode, as the volun1e between the pores acts as a stress reliever. 
Otherwise if the coating were continuous then cracks would be found at the interface 
[17]. Although this highly porous interface might be true for the carbonate coating, it 
must be reme1nbered that the carbonate coating is decomposed into its oxide during 
activation and ageing. This deco1nposition is accompanied by sintering and a degree 
of densification, which gives rise to shrinkage of the coating. Therefore the contact 
between the two 1naterials 1night not be as irregular as Lefki has proposes. 
Schipper eta! studied the fracture surfaces of oxide cathodes, whilst trying to expose 
the interface for electron probe microanalysis (EPMA). They found that interfacial 
reaction products were located on the rim of the cathode, whereas at the centre region 
of the cathode, where the current is drawn they found bare nickel [3 8]. 
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Adhesion of the interface layer to the emissive layer and base metal is an hnpot1ant 
consideration. The main adhesion test used in factory conditions is a scratch test [ 1 7]. 
The presence of carbon at the interface has been found to reduce adhesion of the layer 
to the underlying metal surface. The main sources of carbon contatnination tnay arise 
due to insufficient btu·nout of the nitrocellulose binder found in the coating spray 
solution or carbon imptu-ity in the Ni substrate [17]. Lefki ftuther reports that when 
the oxide coating is fractured, Ba and Sr oxide re1nnants are present on the surface of 
the Ni, which indicates that the fracture is not occurring at the interface of the coating 
and substrate and would suggest that the adhesion of the interface layer to the 
substrate and the coating is stronger than the fracture strength of the oxide coating. 
2. 7 o Conclusion 
With the cathode being one of the main co1nponents within the CRT that can still be 
optimised, it tnight have been thought that the reseat·ch into the interface layer would 
be extensive, but this is not the case. From previous work, it can be concluded that 
the interface layer grows with titne, and the presence of this layer alters the electrical 
propet1ies of the cathode. However many of the fundatnental studies took place 
decades ago and were focused on tnaterials that are very different to those used today. 
In these original studies a relatively limited range of analytical techniques were 
available and the main technique used to characterise the interface layer was XRD, 
which has limited lateral and depth resolution. This literature survey has highlighted 
that only a limited atnount of information on interface fonnation was provided by 
early studies and much of this is not relevant to the current design. It is tilnely that 
the subject be revisited using an anay of modern analytical techniques. 
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It is critical that a thorough study of this interface layer is undertaken in order to 
obtain a greater understanding of the 1nechanisn1s of interface fonnation as a function 
of cathode lifetime. Correlations can then be drawn with electrical properties. Such 
data would provide a firmer foundation for potentialtnodifications the cathode system 
or tnanufacture to prevent the interface layer frmn fonning. 
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Theoretical Bacl{ground to Experimental Techniques 
3. 1. Introduction 
As mentioned previously, 1nost of the research that has been conducted into the 
interface layer that forms in the oxide cathode was conducted using XRD techniques. 
Although at the time these techniques were the best available, they lack the depth and 
lateral resolution of 1nodern analytical microscopy techniques. In this study the 
chosen teclmiques use an electron beam to produce characteristic signals that 1nay be 
used to identify the structure and chen1istry of this interfacial layer. This is important 
because an electron beam can be focused to fonn a fine probe. Consequently a signal 
from a smaller area than other source types such as X -rays can be achieved. Thus the 
electron bean1 provides excellent lateral resolution for the teclmique, which is very 
important to this study and will be explained in great detail in later in this chapter. 
The three tnain techniques that have been used are as follows: AES, SEM and TEM. 
This chapter will outline some main principles of these techniques. In this thesis 
son1e results from time of flight-secondary ion mass spectroscopy (ToF -SIMS) will be 
presented. However, this will not be covered in this chapter. 
3. 2. Electron Sources 
A source of electrons will only be useful for analysis or tnicroscopy if it cmnplies 
with several parameters. First, and tnost itnportant, is stability. Whilst etnitting 
electrons the source tnust be stable over long periods of titne. Although spectra from 
spot analyses can be collected in a matter of 1ninutes, such experhnents as depth 
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profiles or mapping can take hours and some times days, therefore stability is very 
important. Brightness is also important when considering an electron source 
especially when using a small spot size for collecting a spectrum. Thus high emission 
currents are needed to be drawn from a small emitting area and furthermore 
brightness also has implications for image resolution [52]. Another property that an 
electron source must have if chosen is that it must be monochromatic. The electrons 
are focused by the electromagnetic and electrostatic lenses which are dependent on 
the energy of the electrons produced by the electron source. However, if the electron 
beam is not monochromatic then the lens will focus the electrons over a range of 
distances. This will form what is known as a disc of least confusion' [53]. For 
example if one was to view the image at the electron energy 'A' focal point then the 
image would be made up from electrons with energy ' A' but the outside of the image 
would be formed by electrons with energy B' . ｔｨｩｳ｜｜ｗｬ､ｾｴｲ･ｱＺｰｎｴ･＠ situation at 
the electron energy 'B' focal point. In neither case a focused image is formed. 
However, if the image is collected at the disc of least confusion the image will be 
optimally focused. 
Due efLeut 
Ce:ntu.lon 
Figure 3.1. Ray diagram illustrating the effect of a chromatic source when the beam passes through an 
electromagnetic lens. 
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Finally, when choosing an electron source for a surface sensitive technique such as 
AES, longevity must be considered. 
If the electron source is operated under normal conditions the emitter n1ust not be 
replaced for hundreds of hours especially when using experitnental techniques that are 
operated in ultra high vacuu1n (UHV, which ranges frotn 10-8 - 10-10 mbar), as the 
replacement of the source entails breaking the vacuum, thus the instrun1ent tnust be 
baked before it can be used in order to remove any hydrocarbon contamination. This 
operation can take up to 3 days before any experiments are conducted again using the 
instrument. 
There are currently three types of source used in comtnercial instruments; these are 
thermionic etnitters, cold field emitters and hot field etnitters. All of which will 
discussed in the next section of this thesis. 
3. 2. 1. Thermionic Emitters 
Thermionic electron emitters are the oldest electron sources that are currently used in 
modern day electron spectrometers. They were first used as an electron source in the 
late 1930s [52]. Thern1ionic emitters work on the principle that if enough energy is 
supplied to the source via heat then electrons close to the surface may overcome the 
work function (see section 1. 3. 3.) and be emitted. The oxide cathode is a thermionic 
electron source for a CRT but could not be used as a source of electrons for electron 
microscopy due to the in-situ activation that would be needed in the n1icroscope, 
making it impractical. Instead, the shnplest fonn of thennionic etnitter that is used in 
modern day instrmnentation is the tungsten hairpin filatnent, which has a dian1eter of 
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roughly 0.1 mtn [52, 54] and is welded to two metal posts, which are embedded in an 
insulating material. A current is passed through the filament, which produces a 
ten1perature rise in excess of 2700 K [53], which is sufficient to give the electrons 
enough energy to get over the 4.5 eV work function of theW filan1ent [55]. This is 
known as thermionic etnission because the increase in tem.perature has resulted in the 
etnission of electrons. The filan1ent is bent into a hairpin shape so that the area from 
which filament emits fr01n is reduced, consequently reducing the spot size of the 
electron bean1. 
Figu•·e 3.2. A schematic of the layout of a tungsten hakpin filament, where (F) is the hairpin 
filament, (W) is the Wehnelt cap, (A) is the anode and (V) is the virtual source [54]. 
A so-called, Welmelt cap sutTounds the hairpin filament and an anode sits just below 
the cap (see Figure 3.2.). The filament is held at a negative potential relative to the 
anode and the rest of the instrument, as a result thetn1ionically emitted electrons are 
accelerated rapidly towards the anode. Thus, a beatn of electrons is produced. 
However, the beam width is still large due to the relatively large area that the tip is 
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etnitting fron1. To overcotne this the Wehnelt cap is held at a larger negative potential 
than the filament (see Figure 3.3). As a result, this negative potential acts on the 
filament tip and reduces the effective area of the filan1ent that is emitting. Therefore, 
the W ehnelt cap is used to control the area fron1 which the electrons are being emitted 
frotn by adjusting this negative voltage on the cap fron1 0-500 volts. The cap, 
together with the anode, causes the beatn to crossover just before or after the anode 
aperture. The dian1eter at this crossover point is very important, as it is this diatneter 
that is effectively the size of the electron source, and it is consequently known as the 
'virtual source'. This beam crossover diatneter is sin1ply adjusted by chat1ging the 
negative bias on the Wehnelt cap and it typically has a diameter of 50 ｾｵｮＮ＠
The brightness of the source can be calculated using the following fonnula: 
where fJ is the brightness which is also la1own as the current densityperunit solid angle( A 
n1-2 srad-1),} is the beam current density (A tn-2), ibis the etnission current (A), a is the 
beam convergence semi-angle (radians, srad) and D0 is the crossover diatneter (tn). 
The brightness increases linearly with increasing accelerating voltage. If the 
brightness is to high then it tnay cause beatn damage and heating of the specimen. 
However, optimum brightness can be obtained at a specific accelerating voltage by 
adjusting the W ehnelt cap to filament distance or altering the bias voltage on the cap 
as this will consequently alter D 0 • At low bias ibis high, however, there is no focus 
provided by the cap thus Do is low resulting in a low brightness. If the bias is too 
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high then the electrons are retarded and no en1ission will occur. Thus, an optimutn 
bias voltage must be applied. To improve the stability of the gun and extend its 
operational lifetime the gun is self biased. 
p 
F -100kV 
w 
A 
Figure 3.3 Circuit diagram for the thet·mionic source, where (P) is the powers source and Rb 
is the bias resistor [53). 
The concept of the bias is illustrated in Figure 3.3 . The bias voltage is controlled by 
the filament current, ｾＢｶｩ｡＠ bias resistor. As the filatnent current increases so does the 
beam current, furthermore, the bias voltage also increases, which lin1its further 
etnission. 
Figure 3.4 shows that at a specific filrunent current there is a saturation point for the 
beam current. If the filament current surpasses this then the lifetin1e of the source is 
reduced. Just past the saturation point is the optimum operating condition for the 
source i.e. high brightness and long life. The end of life for a W etnitter is normally 
due to the forn1ation of hot spots that develop at the tip of the filament. As a result, 
the material evaporates causing the tip to thin. This thiru1ing cru1 cause the filatnent to 
snap, consequently breaking the circuit, thus ceasing the filatnents operation. This 
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erosion of the filament can be further increased if operated in the presence of oxygen 
or water vapour. 
ｏｰ･ｾ＠ ting Point 
Ｎｾ＠
Filament Current If 
Figure 3.4. Filament current Vs beam current diagram, showing the saturation point of the 
thermionic electron source and the beam shape at the optimum operating conditions 154). 
Although a W tipped hairpin filament is simple, inexpensive and relatively robust it 
lacks brightness and they are therefore unsuitable for techniques that require very 
small spot sizes such as AES. 
Another type of thermionic source that is widely used is a lanthanum hexaboride 
(LaB6) single crystal. LaB6 has a lower work function than that of the W filament 
(2.66 eV [52]), which means that it can provide higher emission currents at lower 
temperatures, thus the typical operating temperature of a LaB6 emitter is 1800 K 
compared to 2300 K for the W filament. There is a high electric field at the emitter 
tip, thus there is no saturation condition like the W source. To avoid running the 
source at too high temperature a filament-imaging mode is used to produce an image 
·that wiD coole9x into a well-defined disk at optimum conditions. The LaB6 crystal is 
cylindrical with a conical end with the tip ground to form a flat surface with a 
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diameter of 15 J.Lm on the <1 00> crystal face. Due to the stnall etnitting area of the 
crystal and the fact that there is a lower voltage drop across the etnitting surface when 
cotnpared to theW filament, the energy spread of the electrons is smaller. As a result 
of the small emitting area and reduction in energy spread of the emitting electrons the 
LaB6 source can be up to 1 0 tin1es greater in brightness than the W filmnent, although 
for stable operation the LaB6 source n1ust be operated in better vacuum conditions '"" 
10-7 mbar and can cost 10 times tnore than a W tipped source. However, the LaB6 
source has a longer life. 
3. 2. 3. Hot Field Emitters 
There are two types of hot field etnitters, a thennally assisted field emitter (TFE) and 
a Schottky emitter. Occasionally the Schottky etnitter is called a thennally assisted 
field emitter; however, there is a difference between the two. If a cold field etnitter 
tip known as a CFE (see Goodhew and Humphreys [53] for further details on the 
operation of CFE's) is orientated in the <1 00> direction and is heated to 1800 Kin the 
presence of a strong electric field then an aton1ic arrangement of the aton1s at the tip 
of the etnitter will cause it to sharpen, thus, etnission is produced from a very narrow 
angle of the cone, which results in a very high brightness [52]. A Schottky etnitter is 
very similar to that of a TFE; the only difference in its operation is that a coating is 
applied to the surface of the tungsten tip to reduce its work function. The Schottky 
emitter is not as bright as the TFE but is n1ore stable and is less demanding in tenus of 
vacuum requirements when in operation. The Schottky emitter is less sharp than the 
TFE's m1d has a flat end plane orientation of (100) with a dimneter of 20 tun [55]. 
The W tip is coated with tnonolayer of semi conducting zirconiutn oxide. This 
coating reduces the work function from 4.54 eV to 2.8 eV. The coating also provides 
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a self-cleaning surface so that if any absorbents absorb on the surface then they have 
no lasting effect on the performance of the etnitter and secondly the ZrO coating is 
self healing so if damaged the ZrO will re-heal itself. Another benefit that this en1itter 
has over the other types of field etnission sources is that the vacuum requiretnents are 
much less stringent. 
3. 2. 4. Conclusion 
Table 3.1 A comparison of the properties associated with different electron sources. 
Based on " J. Watts and J. Wolstenholme [55],# I. Watt [52] and t private communication. 
Thermionic LaB6 TFE Schottky 
Work Function ( e V) 4.5¥ 2.667 ＴＮＵ ｾ＠ 2.8# 
Brightness (Acm-:l srad- 1) <105 '1' ｾＱＰ Ｖ ＧＱＧ＠ ...... 1 ｯｾｮ＠ ｾＱｯｋ ＾ｆ＠
Maximutn beam cunent 1 ｾａ Ｊ＠ 1 ｾａＪ＠ 1-5 nAT 5nA'" 
Minimutn energy spread (eV) 1.5"' 0.8* c 0.3# 
Operating temperature (I<) 2700'1' 2000* 1800* 1800'1' 
Vacuum required (tnbar) <10-4* <1o-o·· ＼ＱｯＭｾＢＧＢ＠ ＼ＱＰＭｋ ＧｾＧ＠
Typical lifetime (h) 100# 6oo* >20Q0T >2000'1' 
Relative cost Low*- Medium* High1. High"' 
In general the LaB6 and Schottky field etnitters are used for medium too 'high end' 
applications. Whereas, Thennionic or W emitters are general used for ' low end' 
applications. This is because they are cheap and are run under less stringent 
conditions such as vacuum requirements, making them ideal for applications that 
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involve exposing the electron source to atmosphere. Whereas, electron sources such 
as CFE's and TFE's are less cotnmonly found in industrial instruments as the vacuum 
levels required to operate such sources is very high and costly. 
3. 3. Interactions of Electrons with Solid Materials 
In this section the different interactions that occur when an electron berun is incident 
on a solid tnaterial will be discussed. Before discussing these interactions there are 
some concepts that must be introduced. The first is the scattering cross-section, (J. 
This represents an area, which the scattering 'particle' presents to a11 oncmning 
electron. This scattering cross-section is proportional to the particles atomic number. 
Therefore the lru·ger the aton1ic number of the scattering element the 1nore the 
electrons will be scattered and can reduce the depth of penetration of the incident 
electrons into the material. This leads to another hnportant term when discussing 
about electron interactions and that is the mean free path, A. The tnean free path is 
the average distance with which the electron travels between a specific scattering 
event. The average nutnber of scattering events that tnay be experienced by an 
electron is dependent on the thickness of the sample, which is being studied. This 
thickness is normally dependent on the technique that is being used. For instance a 
TEM specimen is very thin, as the technique requires the electrons to pass through the 
specimen, and the mean free path for the scattering events that are taking place during 
TEM analysis are shnilar to the thickness of the TEM specimen. However, in some 
methods, such as SEM, the specimen is effectively infinitely thick, often termed a 
'bulk' specimen. The electrons will be scattered many tin1es until all their energies 
are dissipated and they will 'stop' sotnewhere in the tnaterial. It is possible to 
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calculate the probability of n nutnber of scattering events an electron will incur with 
the use of Poisson's equation: 
ｰＨｮＩ］ｃｊＨｾＩＢ＠ ･ｸｰＭＨｾＩＭＨＸＩ＠
where xis the distance travelled by the electron (n1) and A is the mean free path for 
the pat1icular scattering process (tn). Unfot1unately, this equation does not work very 
well if all the electrons that are incident on the tnaterial are scattered many titnes. 
This is because it does not take into account of the energy loss during each scattering 
event. In this case the Monte-Carlo approach is used (see below, section 3. 3. 1). 
There are two main types of electron scattering processes; these are elastic and 
inelastic scattering, which will now be discussed in fmther depth. 
3. 3. 1. Elastic Scattering 
Elastic scattering of electrons occurs when an electron is incident on an atom and is 
scattered with no change in energy. These electrons n1ay be scattered through large 
angles (i.e. greater than 5 degrees), and this results from the interaction of the electron 
with the nucleus of the colliding atom and is known as Rutherford scattering. This 
large scattering angle is highly dependent on the atotnic nutnber of the scattering 
atom, Z. The probability that a large angle scattering event will occur is proportional 
to Z2• Small angle elastic scattering occurs when the incident electron collides with 
the valence electrons of the aton1. In crystalline solids the low angle scattering is 
dependent on the crystal structure where as high angle scattering events depend only 
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on the nature of the ato1n and not their relative positions. This is the basis of electron 
diffraction, where low angle elastic scattering events are used to detennine the crystal 
structure. It is also more probable that a s1nall angle scattering event will occur rather 
than a large angle scattering event. 
3. 3. 2. Inelastic Scattering 
Inelastic scattering is unlike elastic scattering as it occurs when an electron collides 
with an atom and loses either some or all of its energy. Again unlike elastic 
scattering, inelastic scattering of the electrons is not so widely spread in the direction 
perpendicular to the incident beatn, but is concentrated about the direction of the 
incident electron beatn. There are n1any inelastic scattering mechanisms. One way an 
incident electron tnay lose its energy is when the electron excites phonons, which are 
quanta of elastic waves, and is lu1own as phonon scattering. The production of these 
phonons will typically reduce the energy of the itnpacting electron by less than 0.1 e V 
and cause the electron to scatter through rather large angles of roughly 10 degrees 
with a mean free path in the order of 1 J..ttn. These phonons give rise to heating of the 
specimen. 
Plasmon scattering is another inelastic scattering event, where an electron is incident 
with the valence electrons in the solid and a plasmon is fonned. A plasn1on is a wave 
in the valence electron cloud of the material. The excitetnent of a plastnon incurs a 
larger energy loss than that of phonon scattering event with some 5 -30 eV of energy 
being removed from the incident electron. The tnean free path for such a scattering 
event is shorter than that of a phonon and is about 1 00 tun, n1eaning that plas1non 
scattering is a don1inant process in electron-solid interactions. 
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Single valence electron excitation occurs when the incident electron transfers sotne 
energy to a single lightly bound electron in the valence band. This valence electron 
may be ejected fron1 the aton1 and if it 1nanages to escape fro1n the speciinen it can 
then be used to form a secondary electron ilnage. The energy loss associated with this 
scattering effect is typically 50 e V. If one of the inner core electrons is ren1oved 
instead then the energy loss will be significantly larger. This scattering event has a 
large mean free path of 1 J..Lm. These events are relevant to analysis because when the 
ionised atmn relaxes, X-rays and Auger electrons are produced. They can then be 
used to detennine the con1position of a local region of a specin1en. 
Electrons travelling with a lot of energy n1ay emit photons upon deceleration inside 
the 1naterial. The energy loss for this event can range fron1 zero to the incident 
energy. This radiation forms the background in a X-ray etnission spectn.1n1 and is 
known as Bremstrahlung radiation. 
As 1nentioned previously Poisson's equation does not 1nodel 1nultiple scattering 
because it does not account for energy loss. For this reason a Monte Carlo 1nethod is 
used, as the Monte Carlo simulation can tnodeltnultiple scattering events of electrons 
in a solid. The Monte Carlo calculation calculates the likely probabilities of certain 
inelastic scattering events as a function of accelerating voltage of the incident 
electrons and the angle for which these electrons itnpinge on the specimen surface. 
Figure 3.5 shows electron trajectories in nickel for 50 electrons with an accelerating 
voltage of 15 ke V calculated using the Monte Carlo approach, where 12 electrons 
have been backscattered. 
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Figure 3.5. Monte Carlo diagram for the trajectory of primary electrons with 15 keV of 
energy in Ni 1561. 
However, most of the electrons have come to rest in the material. The volume within 
which 95% of the primary electrons are brought to rest in is generally defined as the 
interaction volume. The size and shape of the interaction volume is dependent on the 
accelerating voltage of the electrons and the atomic number of the atoms being 
investigated. Figure 3.6 shows a set of Monte Carol projections for Ni and Al, which 
have been calculated using Monte Carlo software [56]. We can see that an increase in 
accelerating voltage (V0 ) leads to a greater increase in penetration of the electrons in 
the material with the depth of the interaction volume being proportional to V/ and its 
width proportional to V0 1·5• We can also see that as Z increases the electrons are 
retarded more from penetrating the material and as a result the shape of the interaction 
volume changes from a tear-drop shape to a semi-circular shape. 
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Figure 3.6. Monte Carlo diagrams for the trajectory of 100 primary electrons with (a) 10 keV of 
energy in AI; (b) 20 keVin AI; (c) 10 keVin Ni and (d) 20 keVin Ni [561. 
3. 3. 3. Secondary Effects 
A secondary effect is an effect that is caused by the primary electrons that are incident 
on the sample. Secondary electrons are an example of secondary effects and this is a 
general term, which is used to describe electrons which escape the sample with 
energies of about 50 e V or less. Electrons that have been produced as a result of 
secondary effects are normally electrons that have gained a little amount. energy either 
through inelastic or elastically scattering, or they are primary electrons that have 
managed to be diverted back to the surface and escape, although the probability of 
this is less likely. The yield of secondary electrons, c5, which is the number of 
secondary electrons emitted per primary electron can be as high as 1. These electrons 
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can be used for secondary electron imaging with an electron microscope; the most 
general imaging mode in the case of SEM. 
As mentioned before, primary electrons maybe scattered through large angles and can 
be deflected back out of the specimen and still poses significant kinetic energy. These 
are called backscattered electrons. The backscattered yield, 1J, is typically much 
smaller than b. These electrons are also used for imaging, diffraction and analysis. 
Auger electrons are produced as a result of secondary effects and occur when an 
incident electron knocks out a core electron, i.e. the atom is ionised. In order to return 
to its ground state an internal transition of the electrons may takes place whereby a 
valence electron falls into the shell from which the core electron was emitted from 
consequently another valence electron from the same shell as that has moved into the 
core shell is also emitted (see Figure 3.7). 
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Figure 3.7. Schematic showing the Auger transition 1551. 
In this case we see that the core electron that has been removed was from a K shell 
and the two valence electrons that were involved in the Auger transition were from 
the L2,3 shell. The Auger electron that is emitted as a result of this transition is known 
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as a K.L2,3L2,3 Auger electron. X-ray notation is generally used in AES instead of the 
spectroscopist's notation. In X-ray notation the principle quantun1 nutnbers, n, are 
assigned letters e.g. n = 1 = I(, n =2 = L, n = 3 = M and so on. If a principle quantun1 
number has more than one state then the X-ray notation is subscripted by a nutnber to 
indicate that state. For instance the principle quantutn ntnnber 2 has three states the 
first is the 2s, which is known as L., the other two are frotn the 2p state and are 
associated with the spin up and spin down of the electrons and are designated as L2 
for the spin up electrons and L3 for the spin down electrons. If there are n1ore states 
within a principle number then the subscripted nutnbers continue as necessary. 
The Auger electron yield is very sn1all con1pared to the other electron yields but is 
very impotiant for surface analysis. The Auger electrons that are etnitted have low 
energies ranging from 30 eV to around 1500 eV and as a result are only emitted frmn 
the top 5 nm. Therefore they are very surface specific tnaking these emitted electrons 
ideal for surface analysis. The energy of the Auger electron is the difference between 
the energies of the three electrons involved in the Auger transition e.g. EKL2,3L2,3 = Ek 
- EL2,3 - EL2,3· The different types of transitions that occur are specific to cet1ain 
eletnents therefore it is possible to detennine what elements are present at the surface 
of a smnple. An Auger spectrum is shown below. The first pat1 of the spectrmn with 
its decreasing background is lmown as the secondary electron cascade and is n1ade up 
from low energy secondary electrons. The background then levels out where neither 
secondary nor backscattered electrons dominate and AES peaks can be detected. 
After a while the background stat1s to rise as the high energy backscattered electrons 
m·e detected. Typically an Auger spectrum will be presented in a journal paper after it 
has been differentiated. This has been done carried out where possible in the thesis. 
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However, at certain points in the thesis the differential spectrum does not show what 
is desired, so normal Auger spectra will also be shown in this thesis. 
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Figure 3.8. A typical Auger spectrum taken from the exposed Ni surface after removing the 
oxide coating with adhesive tape. 
Like Auger electrons, X-rays are formed when an ionised atom returns to its ground 
state after being excited by the removal of an electron from the atom by a primary 
electron. The energy of the X-ray that is produced when the atom returns to ground 
state is the difference in energy of the shell from which electron will fall from and the 
energy of the core shell that it returns to when it reaches ground state. This energy 
and consequently wavelength of X-ray is specific to the atom it is produced from due 
to limitations in transitions that may take place e.g. a 2s electron may not fall into a 1 s 
shell. Thus if the wavelength or energy is measured it is possible to determine which 
elements are present in a specimen and is the basis for EDX and WDX analysis. It 
was also mentioned that X-rays maybe produced when a primary electron decelerates 
in a material this forms the background to the EDX and WDX spectra and is known 
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as the Bremstrahlung background. A typical EDX spectrum taken from a cathode 
surface is shown in Figure 3. 9. 
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Figure 3.9. A typical EDX spectrum taken from the Ni substrate. 
3. 4. Electron Optics, Instrument Layouts and Analysis Modes. 
Although the three primary techniques used in this study i.e. AES S M and TEM all 
use an electron beam to obtain a signal from a specimen, the way in this achieved is 
different for each technique therefore the way that the beam is manipulated varies 
from technique to technique. The way in which the electron beam is manipulated in 
SEM and TEM has been thoroughly reported throughout the literature [52, 54, 53] 
and will not be covered in this thesis. However, this chapter will explain how the 
AES is setup and how a signal is produced and collected. 
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3. 4. 1. Electron Lenses 
One cotnponent, which is con11non to all three techniques, is the use of electron lenses 
to manipulate the electron bean1. Applying either a n1agnetic or an electric field to a 
moving electron may alter the electron path. Therefore there are two types of lenses 
that are used for electron-optical systen1; these are electrostatic and electromagnetic 
lenses. If a moving electron travels parallel to a n1agnetic field it will experiences a 
force which will change the direction of the tnoving electron, however, if the electron 
is travelling parallel to the magnetic field its direction does not change. The force that 
is acted on the electron is calculated using: 
F == BeV sinB- (9) 
where F is the force acting on the electron (N), B is the strength of the tnagnetic field 
(N A-1 m -1 ) , e is the charge on an electron ( -1. 6x 1 o-'9 C), v is the velocity of the 
moving electron (ms-1) and e is the angle between B and v. If a magnetic field is 
shaped in the correct tnanner i.e. utilising the fringing fields of the magnet, then an 
electron may be forced to converge to another point. As a result the electron can be 
focused like light with a concave lens. 
In Figure 3.1 0 we see an electron entering a hollow cylindricaltnagnet. Opposite this 
magnet is another hollow cylindrical magnet with a different dipole. A tnagnetic field 
forms between the two opposite magnets and consequently converges i.e. focuses the 
electron. The distance between the point frotn when the electron starts to converge 
towards the central axis to the point where the electron crosses this axis is known as 
the focal length. This focal length is a tneasure of the strength of the lens and 
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determines how much demagnification of the virtual source occurs. Thus, the focal 
length can be altered by altering the current in the lens, which consequently alters the 
demagnification of the virtual source. Liebmann in 1955 discovered that the focal 
length of an electromagnetic lens was proportional to V0 /(NI)2 (54] , where V0 is the 
accelerating voltage, N is the number of turns in the lens coil and I is the lens current. 
So if a higher accelerating voltage is used then more lens current is required to keep 
the same focal length thus modem day SEM automatically compensate for this. A 
circumferential motion of the electrons are also accompanies with this convergence, 
which can result in a rotation of the image produced by the beam. However this 
rotation can be cancelled out by using a series of lenses to make sure that the final 
image is not rotated with respect to the specimen. 
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Figure 3.10. Schematic of (a) an electron lens where the coil windings are inside the iron shroud 
and the fie lds are produced across the lens gap and (b) the convergence of a moving electron in 
the presence of a magnetic fie ld produced by two hollow magnets with opposite dipoles 152, 54j. 
These electromagnets are formed by coiling current-bearing wire around a hollow 
cylinder (see Figure 3.10 (a)). This component is known as a solenoid. If a solenoid 
is formed by two soft iron tubes with a short gap between thetn, a strong localised 
filed is formed between the two solenoids, with the fields acting in the same manner 
as described previously (see Figure 3.10 (b)). Altering the current in the coils around 
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the iron tubes can vary the strength and focal length of the lens. An iron sleeve 
surrounds the iron tubes and the basic lens is formed. The shape, internal dian1eter 
and separation of the two itmer iron cores are itnpottant parameters in electro-
magnetic design, as well as the strength of the magnetic field itself which is 
determined by the number of ampere turns round the iron core. One consequential 
outcon1e of the operation of this lens is that when imaging with the electro-magnetic 
lens the image is rotated due to the rotation of the electron path as described earlier. 
The other type of lens i.e. electrostatic lens are made up fron1 three electrodes with the 
outer two held at zero potential whilst the tniddle electrode has a high negative 
potential equal to that of the electron source. Altering the potential of the tniddle 
electrode can vary the focal length. This lens has some advantages over the electro-
tnagnetic lens. These include a rotational-free image and they are powered by a tnore 
stable and simple power supply than the electrotnagnetic lenses. However, there are 
disadvantages with this lens; their construction and aligmnent has to be very precise, 
they have to remain very clean during operation so that voltage breakdowns are 
avoided and finally and tnost in1portantly they have larger aberrations associated with 
them. As a result of the disadvantages associated with the electrostatic lenses, they 
are seldotn used, with the electromagnetic lenses preferred. Unfortunately electron 
lenses are not perfect and suffer frotn spherical and chrotnatic aberrations, 
astigmatistns and distortions (Again see Goodhew and Hutnphreys [53] for further 
details on how these aberrations and defects n1anifest and their consequential effect on 
the electron beam). However, astig1natisn1 n1ay be corrected with the use of a 
stigmata. The stign1ata is formed by four electrotnagnets or insulated pins. These 
pins/magnets are arranged in alternating polarities in a synunetrical 1nam1er around 
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the optical axis. If this array is then rotated about the optical axis then its field will 
cancel out the astigmatic field in both direction and amplitude. If an eight-pole 
stigmata is used then the astigmatation can be totally removed [52]. 
3. 4. 2. AES Instrument Layout & Operation 
The instrument layout for Auger analysis is completely different to that of SEM or 
TEM instruments. Normally a Schottky field emitter would be used for AES, due to 
the high brightness it provides and its good resolution. However, the layout of the 
Auger instrument is dependent on the choice of analyser. There are two types of 
analyser used in AES; the cylindrical mirror analyser (CMA) and the hemispherical 
analyser (HSA). During this study a hemispherical analyser was used and will be the 
topic of focus for this thesis. A layout of a hemispherical analyser can be seen in 
Figure 3.11. 
Lens 2 
detector 
---- Sample 
Figure 3.11. Schematic of the AES detector with its HSA and transfer lens 1551. 
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The analyser is tnade up frotn two concentric hen1ispherical electrodes, several lenses 
and a multi-channel detector. When the Auger electrons are en1itted frmn the satnple 
they will first pass through a series of lenses. The role of these lenses is four fold. 
Firstly the lenses allow the HSA to be moved away fron1 the san1ple so that other 
components such as an EDX detector may be placed closer to the san1ple. The lenses 
also maxhnises the collection angle of the Auger electrons and tnakes sure that a high 
nun1ber of electrons are collected. If the Auger electrons etnitted fron1 the satnple 
were to enter the HSA without being retarded then their kinetic energies would be too 
great and resolution would be lhnited, thus the lenses retard the Auger electrons 
before they enter the HSA. Unfortunately, electromagnetic lenses cannot be used for 
AES because the magnetic field that is produced deflects the prhnary electron bean1 
and alters the spot size. 
In the HAS, a potential difference is applied between the two electrodes, with the 
outer being more negative than the inner. The Auger electrons that enter the HSA 
will only reach the detector if the Auger electrons have the specific kinetic energy that 
the detectors m·e set to collect. This kinetic energy is calculated with the following 
formula: 
where R1 and R2 are the radii of the inner and outer electrodes. As the radii of the 
electrodes are constant the above equation is expressed as: 
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E = kei::!V-(11) 
where k is the spectrometer constant and is dependent on the design of the analyser. 
If the Auger electrons have a greater kinetic energy than the energy expressed by the 
above equation, then the radial path of these electrons will be larger than the 1nean 
radius of the analyser and will not be detected by the detector. If the kinetic energy of 
the Auger electrons is s1naller than that defined by the above question, then the radial 
path of these electrons will be smaller than the mean and will also not be detected. If 
the kinetic energy of these Auger electrons is slightly different to that being measured 
they will be detected as several detectors are placed side by side, with each detector 
collecting different energy Auger electrons. By adding these signals for the different 
energies the sensitivity of the instnunent is increased by the number of detectors that 
are used. The HSA has two modes of operation; constant analyser energy (CAE) 
mode and constant retard ratio (CRR) 1node. CAE n1ode is used when the HSA is 
being used for X-ray photo spectroscopy (XPS), and CRR n1ode is used for AES. 
When the HSA is operated in CRR mode the Auger electrons are retarded by a 
fraction of their original kinetic energy. 
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Figure 3.12. Schematic showing the variation in potentials across the two electrodes and 
the effect on the mean potential, when operating AES in CRR mode 1551 
To achieve CRR the electrodes are scanned in a pruticular way as shown in Figure 
3 .12. The resolution of a spectrum collected in CRR 1node is proportional to the 
inverse of the retard ratio, with the range of the ｲ･ｴ｡Ｑｾ､＠ ratio ranges from 1 to 100. For 
a typical instrmnent the resolution is calculated like so: 
Resolution ｾ＠ (2/Retard ratio)% 
When collecting a survey spectrum a 0.5 % resolution is desirable so that a good 
co1npromise between sensitivity and resolution is obtained. If better resolution is 
required then a higher retard ratio must be used, however, the signal intensity 
decreases. 
Unlike, SEM and TEM a different electron multiplier, called a chmmeltron, is used to 
collect signal. It is made up from a spiral-shaped glass tube with a conical collector at 
its neck and a metal anode at it tail. The internal walls are coated with a 1naterial that 
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when struck by one Auger electron produces secondary electrons. A large potential is 
applied across the length of the channeltron, which accelerates these electrons towards 
the anode. As these secondary electrons pass down the channeltron they strike the 
internal walls and produce tnore secondary electrons. Thus, for every one Auger 
electron that enters the chatmeltron 1 x 1 08 secondary electrons are produced, thus 
amplifying the signal. The cha1u1eltrons are 5 mn1 in dian1eter and 15 111m in length, 
and as tnentioned previously, it is cotnmon to have a series of these channeltrons to 
increases sensitivity (normally nine are used). Another type of detector that is used in 
AES, which is not so cotnn1on, is a chmmel plate. This is a disc that has many holes. 
Each one of these holes acts like an individual channeltron. The tnaxin1u1n count rate 
obtained with this detector is lower than that of the channeltron. 
3. 4. 3. TEM Modes of Instrument Operation 
During this study, TEM was used for phase identification. To achieve this, bright 
field imaging was completnented by electron diffraction and EDX. Convergent beam 
electron diffraction (CBED) was used for navigation in reciprocal space in order to 
find a pole for which a selected area diffraction (SAD) pattern could be obtained to 
identify the phase. EDX spectra provided useful completnentary data to the electron 
diffraction. 
A ray diagram illustrating the fonnation of a SAD pattern is shown in Figure 3.13. 
The use of parallel ilhunination and a physical aperture gives rise to diffraction spots, 
which 111akes SAD patterns ideal for phase identification. 
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Figure 3.13. A selected area aperture (A) which selects a large area (L) in the intermediate 
image is optically equivalent to selecting the much smaller area (S) at the specimen [53[. 
Figure 3.14 shows a ray diagram for CBED. The convergent probe results in discs 
and, importantly for navigation purposes, pseudo-Kikuchi lines (the thin FIB sections 
used in this study meant that Kikuchi lines were absent or barely visible in the SAD 
patterns). 
Convergent beam 
pccimcn 
Figure 3.14. Ray diagram for CBED [53[. 
Electron beam techniques have been identified as the ideal candidate for analysing the 
oxide cathode and its interface. This is because the electron beam techniques provide 
excellent lateral resolution unlike other techniques. For instance, those based on X-
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ray sources such as X-ray photo spectroscopy. These techniques suffer from limited 
lateral resolution, which would be inappropriate for analysing the size of features that 
have been exposed during this study, and as a result electron sources have been 
utilised extensively throughout this PhD. 
3. 5. Experimental Procedures for Analysis 
3. 5. 1. Top Down Analysis Experimental 
Due to the specific shape of the oxide cathode as shown in Figure 3.15 , traditional 
sample holders of specimens for SEM and AES could not be used as an electrical 
connection between sample and holder could not be made. An electrical connection is 
needed to eliminate any charging that may be present on the surface of the specimen 
when an electron beam is incident on its surface. As a result a specific sample holder 
was design to hold the oxide cathode for both AES and SEM the design of which can 
be seen in Figure 3.15. 
(a) 
----D.JOcml 
Plan View 
Figure 3.15. (a) Diagram showing the design for the stub used to hold the cathode for SEM and 
AES analysis and (b) a photo of one of these stubs. 
The stem Ni cap and emissive layer must be pushed out of the assembly and cut. It is 
then possible to place the sample into the bores of the sample holder and ecure the 
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sample into position with a grub screw. The grub screw not only pins the san1ple into 
position but also makes an electrical connection between the sample and the holder. 
SEM/EDX spectra, images and maps were acquired with a 15 ke V primary bean1 
voltage on a Joel 8600 Microprobe using an Oxford Instrutnent ISIS 300 EDX 
detector. Auger spectra were recorded using a VG Microlab Mk II, using a York 
Probe Sources Ltd. field emission gun. An electron beatn voltage of 15 ke V was 
employed inducing a specimen current of 12 nA. The spherical sector analyser was 
operated at a constant retard ratio of 4. 
Figure 3.16 shows the first general area AES spectrmn that was collected fr01n an 
oxide cathode after the oxide coating has been peeled away with adhesive tape. This 
spectrum highlights another probletn related to the oxide cathode as a specitnen for 
study. 
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Figure 3.16. A typical Auger spectt·um taken fr·om an exposed surface on the oxide cathode 
before degaussing. Notice that there is no presence of the low energy secondary electron 
cascade. 
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The low energy secondary electron cascade is absent from the spectrum. The design 
of the specimen holder has eliminated the possibility that this may be due to charging. 
Enquires to the manufacture revealed that the stem of the oxide cathode was made 
from a chromium oxide which is magnetic. As a result, the stem is deflecting the low 
energy electrons away from the detector. To overcome this, the sample was 
demagnetised via a degausser. After the sample had been degaussed the correct AES 
spectrum shape was obtained (Figure 3.17). 
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Figure 3.17. A typical Auger spectrum taken from an exposed surface on the oxide cathode after 
degaussing. 
For surface specific techniques such as AES, hydrocarbon contamination can be a 
serious problem. To give an example of this, in Figure 3.18 (a) the carbon 
contamination is so large that only a small 0 and Ba signal is detected. However, 
after a 10 minute etch with an argon ion beam operated at 4 ke V and 5 rnA emission 
current, the 0 and Ba and Ni triplet signal has increased dramatically and the presence 
of the Sr peak has also started to develop and finally after 15 minutes the C peak has 
been reduced to a sufficient level that Sr and AI can be detected on the surface. 
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Figure 3.18. An Auger spectra tal\.en fr·om the exposed surface after· the oxide coating has been 
peeled away from the cathode; (a) native oxide; (b) surface after· a 10 minute etch and (c) sur·face 
after 15 minute etch. 
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ToF-SIMS depth profiles and maps were collected an ION-TOF IV-200 instrutnent. 
This systetn uses a dual beam approach for profiling. A pulsed 25 ke V bean1 of gold 
ions (0.03 pA) was used for analysis and a 1 ke V oxygen bean1 en1ployed to etch into 
the sample bulle The profile sputtering area was 300 f.Ull x 300 J.lm,, whereas the Au 
field of view was 99.6 trun x 99.6 n1111 with 256 x 256 pixel resolution, to avoid crater 
edge effects. 
3. 5. 2. Cross-Section Analysis Experimental 
SEM/EDX spectra, images and tnaps were acquired with a 15 ke V primary beam 
voltage on a Joel 8600 Microprobe using an Oxford Instrument INCA detector. 
Cross-sections were tnade as described in Chapter 4. However, due to the large 
dimensions of the cross-section in its epoxy resin it was not possible to place the 
samples in the specially designed stub. Therefore carbon was deposited on the 
surface of the smnples using an Edwards carbon coater, to reduce charging effects. 
Charging was further reduced by tnaking an electrical com1ection between the sample 
and the sample holder by placing aluminiun1 conductive tape between the two and 
painting silver dag (silver suspension in methyl-isobutylkeytone) on the ends of the 
tape to guarantee an electrical com1ection. Cross-sections were also prepared of both 
the Ni substrate prior to pressing the Ni cap i.e. the Ni after pressing. To prepm·e the 
former, a specin1en was cut fron1 the Ni substrate tape and placed between a spring 
clip. The clip ensured that the Ni strip remained upright for epoxy resin tnounting. 
The Ni caps were cross-sectioned by gluing the cap perpendicular to a paper clip 
using Araldite ® and mounting in epoxy. The polishing route used for the Ni atld Ni 
cap is described in Chapter 4. 
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3. 5. 3. Focused Ion Beam (FIB) Cross-Section Analysis Experimental 
FIB cross-sections were prepared as described in Chapter 4 using a liquid gallhun ion 
source with a primary beam voltage of 3 0 ke V with a FEI Strata FIB 201 systetn. 
TEM/EDX images, diffraction patterns and maps were acquired with a 200 keV 
primary beam voltage on a Philips CM200 High Resolution TEM with an Oxford 
Instrutnents ISIS 300 EDX detector. Setni-quantitive EDX chemical analysis was 
conducted on one FIB sample using the standards within the Oxford Instrun1ents 
LINI( ISIS 300 software. 
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Sample Preparation 
4. 1. Introduction 
One of the main problems of investigating the Ni substrate/oxide interface is exposing 
the interface in such a way that its chen1istry is preserved. The cathode operates in 
vacuum and subsequent exposure to attnosphere can cause carbonates, oxides and 
hydroxides to forn1. Furthermore, hydrocarbons will also readily fonn on the surface 
once exposed to the atn1osphere. Extensive exposure to such conditions can cause 
degradation and delatnination of the etnissive layer, thus, san1ple preparation is 
critical for any investigation of this interface layer, especially when trying to obtain 
infonnation on the chen1ical state. The satnple prepat·ation teclmique must tninin1ise 
interfacial contatnination, mechanical dan1age, roughening and smearing [ 12]. This 
chapter will focus on reporting the sample preparation techniques that have been tried, 
tested and used in this project and also reported on techniques been used in previous 
studies. 
4. 2. Previously Employed Sample Preparation Techniques 
In the literature a large number of preparation teclu1iques have been reported. 
Rooksby extensively studied the interface layer in the 1940's, using XRD. In one of 
his papers it is described that "no special precautions were taken to prevent reaction of 
the interface compound with the attnosphere" [7]. Rooks by clearly recognised that 
contatnination of the exposed surface could occur. To remove the oxide, he used a 
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scraping instrmnent (risking n1echanical dmnage of the interface layer and the 
underlying Ni substrate). 
Finetnann and Eisenstein also studied the interface layer during the 1940's. They 
took a little more care than Rooks by with the interface exposure. Instead of scraping 
the etnissive layer off under atn1ospheric conditions, Finemann and Eisenstein 
prepared their samples in a nitrogen glove con1pm·t1nent hoping to neutralise any 
chetnical instability of the interface con1pounds [39]. But like Rooksby, they scraped 
away the oxide with a knife. In an em·lier study, Eisenstein also scraped off the oxide 
but attempted to preserve the chetnical state of the interface by applying protective 
wax to the surface. The coating used was based on polystyrene dissolved in a CC14 
solvent. This protective wax was repotted to preserve the oxide for several days and 
in some cases even weeks [57]. This methodology may be very useful for preserving 
the chemical integrity of samples for XRD but unfortunately this technique is clearly 
unsuitable for surface analytical study. Furthennore, Hensley and Affleck have since 
·reported that no change in the XRD pattern was observed when undertaking analysis 
of uncoated or wax coated interface and they concluded that the interface layer was 
stable when exposed to atn1osphere [43]. 
In 1982, Verhoeven and Stoffelen investigated adhesion of the oxide layer to the 
substrate. To expose the etnissive layer/base metal interface they placed the cathode 
in a vibrating acetone bath [58]. No details were given about how the smnples were 
dried or the envirotunent to which the satnples were exposed after in11nersion in 
acetone. Haas et al also tried a novel approach for exposing the interface layer under 
vacuu1n. They found that the emissive oxide layer could be removed by physically 
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knocking the cathode stem against one of the bell jar electrodes via the vacuun1 
manipulator found in an Auger spectrotneter [59]. They believed this to be an 
excellent preparation technique for AES analysis of the interface layer. A couple of 
years before Lefki had exposed the interface by sin1ply applying UHV cotnpatible 
sticky tape to the surface of the oxide layer, and pulling away the en1issive layer frotn 
the substrate in air, thus leaving the interface layer behind on the base tnetal [ 1 7]. 
Instead of physically retnoving the oxide layer from the Ni substrate, Harwood and 
Fry dissolved it with dry ethyl alcohol, although this was repotted as being slow 
process. The interfacial products still retnained on the nickel surface using this 
method [60]. 
All the above tnethods entail retnoving the coating to investigate the interface layer 
frotn the surface. There is one example in the literature of a cross-sectional analysis. 
Nokae et al atten1pted to produce a cross-section by etnbedding the cathode in a resin 
and polishing [ 61]. However, the results were unsatisfactory because the polishing 
was non-unifonn across the section. To overcmne this they devised a unique satnple 
preparation technique. Firstly the coating was removed to expose the interface layer. 
The cap was then placed between two stnall pieces of well-annealed and polished 
pieces of copper, which were bolted together by brass blocks. The cathode was then 
polished to a mirror finish and it was reported that distinct regions were recognisable 
by opticaltnicrography. 
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Figure 4.1. Schematic showing the sample preparation technique employed by Nokae et a/ to 
produce a cross-section [61}. 
4. 3. Proposed Sample Preparation Techniques 
In a paper by Jenkins et al several n1ore methods for exposing the interface were 
proposed [12]. They suggested that the sensitivity of the etnissive layer to tnoisture 
could be exploited to remove the oxide and expose the interface. They also proposed 
making model cathodes with a very thin and flat carbonate coating prior to 
conversion, leading to an improven1ent in the depth resolution of sputtering profiling 
techniques. Another idea was to in1pregnate the porous emissive layer with an 
organic resin and pull the emissive layer frotn the interface layer. This however could 
lead to several problems; firstly the fracture may not be located at the interface, and 
secondly this method n1ay contan1inate the interface surface with organic tnaterial 
tnaking interpretation of data difficult. It was also proposed that the cathode could be 
coated in a tnounting material, polished and cross-sectioned. However they only 
suggested coating with standard organic resins and recognised that this would cause 
problen1s in analysis of the samples by SEM/EDX and AES, as organic resins are 
non-conductive. The final suggestion of Jenkins et al was to use a cotnbination of a 
FIB and AES/SAM or SEM/EDX to characterise the interface layer, as this is 
common practise in the semiconductor industry. The FIB would be used to cut a 
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wedge shape through the interface layer and into the Ni substrate, which would then 
allow interface analysis, as illustrated in Figure 4.2. 
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Figure 4.2. Schematic of a FIB cross-section for analysis by AES/SAM 112 ]. 
4. 4. Sample Preparation Experiments and Technique Development 
In this study, four different preparation methods have been used, two of which were 
among the suggestions made by Jenkins eta/ [12]. 
In lifetime tests, oxide cathode current-voltage characteristics and other parameters 
are monitored using CRT ' dummies ' (see Figure 4.3). The vacuum within the 
dummy (around lxl0-9 mbar) is maintained using getter materials. There are two 
cathodes mounted within a dummy located at the base of the housing. Directly above 
them are apertures and positively biased grids, which accelerate the electrons though 
the aperture. After testing, the glass dummy is broken and the oxide cathodes are 
removed for analysis. Once the cathode is removed from the dummy the interface 
layer can then be exposed. 
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Figure 4.3. Photo of a dummy CRT. 
Based on the comments made by Jenkins eta/ regarding sensitivity to moisture the 
first preparation method tested involved exposure of the coating to humidity, followed 
by coating removal via peeling with adhesive tape. Three cathodes were placed in a 
glass beaker and a water filled Petri dish was also placed in these beakers. The beaker 
was covered with AI foil and secured with an elastic band. The glass beakers were 
then placed next to a radiator to increase the evaporation rate and hence humidity 
inside the beakers. The samples were exposed for 4 days, 6 days and 8 days 
respectively. The cathodes were then removed and the coatings were peeled off using 
adhesive tape. Secondary electron micrographs show the results for the different 
exposure times (Figure 4.4). 
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Figure 4.4. Secondary electron images of (a) as received cathode. (b)-(d) Oxide stripped cathodes 
after exposure to humidity for; (b) 4 days; (c) 6 days and (d) 8 days. 
From these initial experiments two results are apparent. Firstly as the coating was 
only peeled away once, the coating has been removed preferentially from one side of 
the cap related to the direction of the peel. Secondly, on the cathode exposed for 6 
days, some of the adhesive still remains on the cathode. However, this first set of 
experiments has shown that exposure to humidity increases the amount of coating 
peeled away from the sample; more coating is removed as the exposure time is 
lengthened. To verify the latter point two sets of two cathodes were exposed to a 
humid atmosphere for 8 and 14 days, respectively. One cathode from each exposure 
time had its coating peeled away using foamed backed adhesive tape. The foam 
adhesive tape was chosen as the coating has a curvature associated with it (a 
consequence of the oxide spraying process) and it was thought that foam backed tape 
may be able to remove the coating more evenly. The remaining two cathodes had 
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their coatings removed with standard adhesive tape. However, this time the coating 
was peeled away 4 times in different directions, in an attempt to remove the coating 
evenly across the specimen. Figure 4.5 (a) and (b) shows secondary electron images 
of the cathodes peeled with the foam backed tape. It can be seen that large amounts 
of the oxide coating still remain attached to the Ni substrate. Even where it seems 
that the coating has been removed, there still remains a thin layer of the oxide on the 
surface. Results from the cathodes which had the coating removed by peeling with 
standard tape in four orthogonally different directions provided a more positive result 
(Figures 4.5 (c) and (d)). Although in the 8 day sample the coating has not been fully 
removed the coating has peeled away quite evenly. This is mirrored in the 14 day 
sample, where almost all of the coating has been very evenly peeled away across the 
sample. As before by increasing the exposure time more coating is peeled away from 
the specimen. 
Figure 4.5. (a) and (b) cathodes exposed to a humid atmosphere followed by coating removal with 
foam backed adhesive tape: (a) 8 days; (b) 14 days. (c) and (d) cathodes exposed to a humid 
atmosphere followed by coating removal using standard adhesive tape but peeled in four 
orthogonally different directions: (c) 8 days; (d) 14 days. 
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These first set of experiments although providing much information was not carried 
out under controlled conditions, thus making the experiment potentially non-
reproducible. Therefore, a different method was devised to expose the samples in a 
humid atmosphere under controlled conditions. Cathodes were individually placed 
into glass beakers and all put inside a large container. A large dish of potassium 
sulphate solution and a hygrometer were also placed in the container. This container 
was then inserted into a furnace at 50 °C for different times. After removing from the 
furnace the oxide was stripped using standard adhesive tape in 4 orthogonally 
different directions. Potassium sulphate was added to reduce the vapour pressure of 
the water so that the maximum humidity can only reach 96 %. This stops 
condensation forming and running on to the samples, which would have a 
catastrophic effect. The humidity was checked frequently with readings made via the 
hygrometer inside the container. 
Figure 4.6. Secondary electron images of oxide stripped cathodes exposed to a humidity of 96 o/o 
at 50 °C. Exposure time: (a) 4 days; (b) 8 days; (c) 36 days and (d) 66 day . 
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The results are presented in Figure 4.6. As noted previously, increasing the exposure 
time leads to more coating being retnoved. However, long exposure tilnes (e.g. 36 
days or more) hinders removal of the coating, rather than assisting it. This is due to 
the oxide coating becoming very fragile. Peeling results in the oxide itself being 
fractured, leaving the bulk of the oxide retnaining on the san1ple. The results of all 
the humidity exposure experiments have shown that exposing the sample to humid 
conditions for certain periods helps in retnoval of the oxide coating. However, too long 
an exposure to humid atmosphere has a negative affect. Frotn these trials, it was 
decided that the repetitive tape peeling method (in four orthogonally different 
directions) was a sufficiently satisfactory tnethod of interface exposure. 
In addition to peeling away the oxide, it was decided to also investigate the interface 
by cross-sectioning the cathode. To create the cross-section, the cap assetnbly (Ni cap 
and stem) was retnoved fro1n the cathode. The oxide cathode was then tnounted in a 
Struers Epoxy resin. Grinding and polishing with SiC paper and diatnond paste 
respectively was followed by a final polish using an oxide particle suspension (OPS). 
Once the interface was exposed, the tnoulds were carbon coated for SEM/EDX 
exmnination. 
TEM cross-sections were also prepared by FIB n1illing. The FIB Ga ion source was 
operated at 30 ke V with a current of 12 pA giving rise to a sputtering rate of roughly 
0.5 !lt113 s-1• Prior to insettion in the FIB, the oxide coating was peeled away with 
adhesive tape. From the FIB in1age, an area was selected and a platinutn layer 
deposited to prevent sputtering fron1 the top layer of the specitnen e.g. the exposed 
interface layer. This platinum layer also acts to reduce thickness variations over the 
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TEM specimen, which may occur as a result of different sputtering rates of various 
materials present in the sample. After the platinum layer has been deposited, a 
staircase-shaped recess is cut on both sides of the selected area [ 62]. These staircase 
recesses are produced by creating a sequence of rectangular steps with decreasing 
width as shown in Figure 4.7, with the top step having an area of typically 106 J..!m2 
compared to the bottom step 1 02 J..Lm2. 
Figure 4.7. Schematic showing the staircase recesses that have been cut to expose the TEM 
sample. 162] 
A staircase shape is chosen as it reduces the total sputter time and allowing material to 
escape instead of redepositing on the sidewalls. The TEM specimen is then reduced 
to roughly 1 00 nm in thickness, sufficient for TEM examination. The 100 nm wafer 
of material then has to be out and away from the substrate. To achieve this the sample 
is rotated by 45° and the sides and bottom of the wafer cut to release the TEM 
specimen. The final size of the specimen is approximately 6 J.lm x 9 J.lm wide. 
The sample is still held in position by electrostatic forces. A tungsten needle is then 
carefully manoeuvred towards the TEM specimen with the use of an optical 
microscope. When the needle makes contact with the specimen it adheres to the 
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needle rather than the substrate. Once attached to the needle, the TEM specitnen can 
then be carefully placed on a carbon holey film ready for TEM analysis. 
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Results 
5. 1. Introduction 
This chapter will present results obtained from studies of the oxide cathode interface 
using three specific sample preparation teclmiques: (i) involves peeling the etnissive 
layer away with adhesive tape (referred to as 'top down' sa1nple preparation); (ii) 
cross-sectioning by mechanical polishing and (iii) FIB cross-sectioning. Results for 
oxide cathodes with varying operational thnes will be presented. The results selected 
are for oxide cathodes after: (a) 0 hour operational life thne (defined as an oxide 
cathode that has been activated and aged according to the list of procedures in Table 
1.1 ); (b) 1000 hour operational life tin1e; (c) 2000 hour operational life tin1e (where 
the cathode is on for one second and then off the next which will be classed as a 1000 
hour operated cathode) and (d) a true 2000 operational hour life time operated 
cathode. 
5. 2. Top Down Analysis 
5. 2. 1. Analysis of Oxide Cathodes Operated for 0 Hours 
Figure 5.1 shows a secondary electron hnage and EDX point spectra from an oxide 
cathode that has been stripped after 0 hours of life. Patches of the interfacial region 
have been exposed, but sotne of the coating retnains on the surface. Cracks are 
visible within the Ni and appear to coincide with grain boundaries. Many EDX 
spectra were acquired fro1n the general exposed stu-face. The EDX spectra shown in 
Figure 5.1 (b) and (c) are taken fron1 spots labelled 1 and 2 in the secondary electron 
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1mage. The EDX spectra show the presence of a large Ni intensity and small Ba Sr 
Aland 0 peaks on the general exposed surface (spot 1). At the crack mouth (spot 2) 
the spectrum is similar, but in addition Mg is present. 
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Figure 5.1. (a) Secondary electron image of an exposed area from a cathode that has been 
operated for 0 hours; (b) EDX spectrum from point 1 (genet·al surface) and (c) EDX spectrum 
from point 2 ( cracl'- mouth). 
AES analysis was also undertaken on an oxide cathode that has been operated for 0 
hours (Figure 5.2). The AES spectrum collected frmn the exposed surface (Figure 5.2 
(b)) shows that Ba, Sr, Al, 0 and C (probably present as hydrocarbon contmnination) 
are present on the Ni surface. The spectrutn fron1 the crack tnouth (Figure 5.2 (c)) 
was very similar. However, compared to the EDX spectrum frmn the crack tnouth 
(Figure 5.1 (c)) Mg was absent in this Auger spectrmn. This tnaybe due to the Mg 
being at depths to which AES will not have been able to detect, due to its very stnall 
analytical depth of roughly 5 run, unlike EDX which has a greater analytical depth. 
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Figure 5.2. Exposed surface after stripping the oxide from a cathode that has been operated for 0 
hours; (a) secondary electron image; (b) differential Auger spectrum taken from the point 
(general surface) and (c) differential Auger spectrum taken from point 2 (crack mouth). 
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5. 2. 2. Analysis of Oxide Cathodes Operated for 1000 Hours 
The secondary electron image from a stripped oxide cathode after 1000 hours of 
operation is shown in Figure 5.3. The longer operational time has resulted in 
widening of the grain boundary cracks. 
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Figure 5.3. The exposed surface of a stripped oxide cathode operated foa· 1000 hours (a) 
secondary electron image; (b) EDX spectrum from point 1 (general sm·face); (c) EDX spectrum 
from point 2 (cracl' mouth); (d) AES spectr·um from point and (e) AES spectrum from point 2. 
EDX and Auger point spectra have been acquired frmn the crack n1outh (point 2 in 
Figure 5.3). The EDX spectrutn shows the presence of Ni, Ba, Sr, 0 and in addition 
reasonably intense Aland Mg peaks. The Auger spectrum exhibits 0, Ba, Sr and C 
peaks together with a strong Mg signal. The Al peak is very weak and no Ni peaks 
are observed. EDX and Auger spectra were also acquired frotn the exposed general 
interface. The EDX spectrutn again shows the presence of Ni, Ba, Sr, 0 and Al, but 
no Mg. Ba, Sr, 0 and Care present in the respective Auger spectrum but only a very 
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small AI peak is detected and no Mg or Ni peaks are found. The absence of Ni in the 
Auger spectrum for these 1000 hour samples (but present at 0 hour) is indicative that 
a layer thicker than the Auger analytical depth is present on the Ni. In addition, the 
Ba, Sr, 0, Al and Mg peaks have all increased in intensity (compared to the Ni) after 
1000 hours operational lifetime. This suggests that a layer is building up at the 
interface possibly as thick as 1 0 - 100 run during the first 1000 hours of operation. In 
general the EDX spectrum from the exposed surface show higher concentrations of 
Ba Al, Sr and 0 compared to those found after 0 hour of operation. Furthermore, the 
Mg concentration in the crack mouth has also increased after 1 000 hours of operation. 
Figure 5.4. EDX images of the previous stripped oxide cathode that has been 
operated for I 000 hours. 
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EDX in1ages frmn this region were recorded and are shown in Figure 5.4. The Mg 
EDX in1age shows a strong localised intensity in the centre of the in1age. An EDX 
spectrum taken from this region is shown in Figure 5.5. This spectrum is indicative of 
there being a sub-surface MgO inclusion located in this region. 
cps 
2 4 6 8 
Energy(l<eV) 
Figure 5.5. EDX spectrum collected from point 3 (crack mouth) in Figure 5.3. 
There is a strong contrast between the EDX hnages of two etnissive oxide species, Ba 
and Sr. Ba is spread diffusely over the surface and also found at the grain boundaries, 
whereas Sr is very localised where the oxide retnnants are located. Ni shows an 
intensity distribution which is the inverse of Ba. Further EDX tnaps were collected 
from the left crack (at higher tnagnification) and are presented in Figure 5.7. Mg can 
be seen to be enriched at the crack mouth, in agreetnent with the point spectrun1. Al is 
n1ore evenly distributed over the surface and interestingly is enriched on the oxide 
remnant. 
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Figure 5.6. Secondary electron image of the crack found to the left of the secondary 
electron image in Figure 5.3. 
Figure 5.7. EDX images collected from the crack found on the left of the secondary 
electron image in Figure 5.3. 
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An Auger spectrum taken frotn a point on the oxide remnant (Figure 5.6) also shows 
the presence of a stnall Al peale 
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Figure 5.8. Differential Auger spectrum taken from an oxide remnant (marl{ed on the secondary 
electt·on image in Figure 5.6). 
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5. 2. 3. Analysis of Oxide Cathodes Operated for 2000 Hours 
A stripped oxide cathode operated for 2000 hours was examined with a SEM (Figure 
5. 9). It is evident from the secondary electron image that the cracks formed by 
cathode operation and are far greater in length and width than those seen after 1 000 
hours of operation. Some cracks are nearly 20 !lffi in width and 200 !lffi in length. 
The cracking is so extreme that it a network of interconnecting cracks has been 
created. 
Figure 5.9. Secondary electron image from a stripped oxide cathode operated for 2000 hours. A 
network of deep cracks has developed in the Ni cap surface. 
A higher magnification secondary electron image from another stripped oxide cathode 
operated for 2000 hours is shown in Figure 5.10. This time, most of the oxide coating 
has remained intact although large cracks roughly 1 0 !lffi in width were still present. 
The cracks were so large that it was possible to collect spectra from the crack walls 
rather than from the crack itself (see Figure 5.1 0). 
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Figure 5.10. Another secondary electron image of an exposed crack found on the surface of an 
oxide stripped cathode operated for 2000 hours. 
The EDX point spectrum collected from point 1 at the crack wall shows a strong 
presence of Mg, Ba, Sr, Al and 0. These elements are also found in the 
corresponding Auger point spectrum although the Mg signal in this spectrum is not 
as strong as that shown in the EDX point spectrum. However, another Auger point 
spectrum collected from the crack wall at a different location (point 2) exhibits a 
stronger Mg signal. 
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Figure 5.11. (a) EDX point spectrum acquired from the exposed crack wall at point 1; (b) an AES 
point spectrum collected from point 1 and (c) AES point spectrum collected from the cracl{ wall 
at point 2. 
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A narrow scan of the Mg KLL region was also acquired from point 2 using a CRR of 
10 and 0.3 eV step size (see Figure 5.12). The position of the KL23L23 peaks at 1182 
eV is indicative ofMg being present in an oxide form [63]. 
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Figure 5.12. AES spectrum of the Mg KLL region. The position of the Mg KL23L23 peak (1182 
eV) is indicative of Mg in an oxide form. 
EDX maps were also collected from this cracked surface (Figure 5.14). Within the 
cracks and on the crack wall enrichment in Mg, Al and Ba signal is found. No 
enrichment in Sr is observed in the cracks and Ni exhibits a strong signal where the 
Al, Mg and Ba are weaker. 
Figure 5.13. Secondary electron image taken from the crack of a stripped oxide cathode operated 
for 2000 hours. 
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Figure 5.14. EDX images collected from the crack of the stripped oxide cathode operated for 2000 
hours. 
ToF-SIMS analysis of a 2000 hours cathode was also undertaken at the ION-TOF 
Gmbh applications laboratory in Munster, Germany. Mass resolved images for Mg 
(+24 amu), Ni (+58 amu) and Al (+27 amu) were obtained, and are shown in Figure 
5.15. False colour overlay images for Ni plus Mg and Al plus Mg are also presented 
in this figure . 
Figure 5.15. Secondary electron image of crack with ToF-SIMS mass resolved images for Mg, Ni 
and AI with false colour overlay images for Ni + Mg and AI + Mg. 
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Mg is clearly localized in the cracks. In the Ni (green) + Mg (red) overlay map only a 
few small patches of yellow pixels are evident indicative of a lower concentration of 
Ni in the cracks. However, the Al (blue) + Mg (red) overlay map shows a large 
number of pink pixels in the crack, showing that both Mg and AI have high 
concentrations in this region. Mg is enriched only in the crack, but AI can be seen to 
be evenly distributed over the exposed surface, consistent with the EDX Al maps in 
Figure 5.14 (2000 hours) and Figure 5.4 (1 000 hours). 
Figure 5.16. 2D projections of the Mg TOF-SIMS analysis in three dimensional space. 
Depth profiles were acquired for the whole imaged region (i.e. a profile was acquired 
for each pixel in the image). Figure 5.16 shows 2D projections from a 3D model of 
the profiled volume. Figure 5.16 (a) gives the x -y Mg signal averaged over the total 
depth, z and (b) shows the y-z Mg signal averaged over the horizontal distance, x. It 
is clear that within the volume profiled, Mg is only localised in the crack region and is 
not found anywhere else in the sample. In addition to a depth profile being acquired 
from a crack region, a second depth profile was also taken from the general surface. 
Figure 5.17 presents the depth profile from the crack and Figure 5.18 the profile from 
the general surface. 
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Figure 5.17. ToF-SIMS depth profile taken from the crack in Figure 5.14. 
Figure 5.18. ToF-SIMS depth profile taken from the general surface of an oxide stripped 
cathode after 2000 hours of operation. 
The depth scale for these depth profiles cannot be calibrated as the etch rate for this 
material is not known as only a small time frame was given for performing the 
analysis in Germany. However, the depth proflie from the crack (Figure 5.17) shows 
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that the Mg, AI, Ba, Sr and 0 signal is increasing as a function of profiling time. This 
is indictive that all these eletnents are present in the crack, in agreetnent with the EDX 
maps in Figure 5 .14. In these EDX 1naps regions of the crack wall were not fully 
covered by reaction products and high intensity EDX Ni signals were produced from 
these regions, hence why an increasing Ni signal is found in the depth profile fro1n the 
crack. The depth profile from the general interface also provides smne useful 
infonnation. Firstly no Mg signal was detected when profiling this interface region 
and secondly the Ni signal only struts to increase after 30 seconds of profiling, which 
may suggest the presence of a layer on the surface of the Ni substrate. 
5. 2. 4. Analysis of Commercial Oxide Cathodes Operated for Various Times 
The results presented so far in this chapter for the 0, 1000 and 2000 hour srunples 
were acquired on dummy cathodes. A doubt still remained on to whether the same 
processes occur in real cathodes as the mru1ufacturing and operational conditions of 
the dummy cathodes are slightly different to those for actual cathodes used in 
commercial applications. The dummy cathodes have 1. 7 A/cm2 of current drawn 
continously over life, whereas a com1nerical cathode has several Nctn2 drawn over 
life. Consequently, oxide stripped and examined secondary electron images of 
cathodes operated in televisions for 22 and 2000 hours ru·e presented in Figure 5.19. 
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Figure 5.19. Secondary electron images of oxide stripped cathodes operated for (a) 22 hours and 
(b) 2000 hours. 
It is evident that similar processes (leading to extensive cracking after 2000 hours 
operation) are occuring in both the real and dummy cathodes. An EDX line scan was 
taken across a crack found in the cathode operated for 22 hours (marked in Figure 
5.19 (a)). These line scans are overlayed in Figure 5.21. 
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Figure 5.20. EDX line spectra for Mg, AI, Sr, Ba, Ni, and 0 taken across a crack in a cathode 
operated in a television set for 22 hours. 
Not only is the crack morphology of the actual cathode consistent with that found in 
dummy oxide cathodes but the results in Figure 5.20 indictaes that the chemistry is 
also similar. Mg is strongly localised to the crack vacinity. The Al signal is high on 
the general Ni surface and on the oxide remnent (in agreement with the EDX images 
in Figure 5.4). Some Sr is present on the general Ni surface but the strongest Sr 
signal comes from the oxide remnant. The Ba intensity is somewhat the inverse of Sr, 
with the highest intensity being observed on the general surface and only a small 
signal emitting from the oxide remnant. This result is a little surprising. From 
previous EDX maps on the dummy cathodes (e.g. Figures 5.4, 5.7 and 5.14) Ba 
appears depleted in the oxide remnant, but this is the first result indicating such a 
serve reduction of Ba in the oxide close to the interface. The Ni line scan is very 
similar to Ba. The 0 line scan is very intresting. It has a high intensity on the oxide 
remnant (as expected), and also where the high Mg signal is obsereved. There is also 
a significant 0 signal from the general surface. 
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Figure 5.21 Superimposed EDX line scans taken across a crack found in a real cathode operated 
for 22 hours (line marked in Figure 5.19). 
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5. 3. Cross-Section Analysis 
Results from the top down analysis had shown that cracks had developed in the Ni 
cap during operational lifetime of the oxide cathode, in which chemical products had 
fonned. To ensure that these cracks were not caused as a result of manufacturing, 
specimens of the Ni substrate were prepared for investigation. 
5. 3. 1. Analysis of the Ni Substrate Before and After Pressing 
The Ni supplied to the manufacturer of the oxide cathodes i.e. the as-received Ni, has 
already been annealed before it is chemically, thermally and mechanically treated. 
The as-received Ni is annealed three times during casting and rolling, once at 1 000 
°C, then again at 1000 °C and finally at 900 °C. This provides an opportunity for the 
activating elements to diffuse to the surface of the Ni and form an "initial" interfacial 
layer as described by Roquais (see Chapter 2). Activators can also diffuse to the 
sw'face during manufacture of the oxide cathode. This manufacturing process 
involves Ni being pressed into a cap shape. It is then ultrasonically cleaned, vapour 
de greased, pickled in nitric acid at 26 °C for 25 1ninutes, and then dried at 1 00 °C for 
60 minutes. Later the caps are oxidised at approximately 375 °C for 15 minutes and 
then reduced in a H2 atlnosphere (to stop oxidation) for 15 1ninutes at 950 °C. Figure 
5.22 illustrates the process steps in a graphical form. So1ne information has been 
omitted due to comn1ercial sensitivity. This clearly shows why experiments must be 
conducted to see if the cracks form during these stages. 
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Figure 5.22. Temperature profile for the Ni substrate prior to spraying of the oxide coating. 
Figure 5.23 and 5.24 shows a secondary electron image and EDX spectra taken from a 
cross-section of the Ni strip (representative of many secondary electron images and 
EDX spectra collected). EDX point spectra taken from points 1 and 2 have been 
obtained from the surface of the Ni strip and its bulk. These spectra of these two 
points show the presence of Ni and W only. As described in Chapter 1, W is 
observed as it is present at 1.8 wt% in the Ni. Al and Mg have not been detected 
because they are in solid solution at 0.03 wt% and 0.05 wt% respectively. These 
concentrations are too low to be detected by EDX. 
701Jm 
Figure 5.23. A secondary electron image of a cross-section taken from the as-received Ni. 
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Figure 5.24. EDX spectra taken from (a) the Ni strip surface at point 1 and (b) from the bulk of 
the Ni strip at point 2. 
Figure 5.25 and 5.26 shows a cross-sectional image and EDX spectra acquired from 
the Ni substrate after pressing, respectively. The first striking difference in this image 
is the pinhole type features present throughout the Ni cap. 
Figure 5.25. A secondary electron image from a part of a cross-section taken from a Ni cap after 
all heat treatments and before spraying with carbonate layer. 
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The EDX spectrum from point 1 shows the presence ofNi and W, siinilar to the as-
received Ni. EDX spectra from points 2 and 3 are located at pinhole features. The 
spectrum from point 2, in addition to Ni, shows the presence of a large Mg and S 
peaks together with small AI and W peaks. S is a very common impurity found in Ni 
[64, 58]. The intensity of the Mg and Speaks would suggest the fotmation of a MgS 
precipitate in the Ni. The EDX spectnun fron1 point 3 shows only a Mg peak and also 
an increase in the 0 peak intensity cotnpared to the bulk (point 1 ). Consequently, this 
feature is probably a MgO precipitate. It would appear that the heat treattnents on the 
Ni used in the oxide cathode manufacturing process leads to the Mg reacting with 
impurities in the Ni to fo1n1 Mg based precipitates. 
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Figure 5.26. EDX point spectra collected from various points marked on the secondary electron 
image in Figure 5.25. 
It would seem that although Mg precipitates fonn during manufacture cracks do not. 
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5. 3. 2. Analysis of Cross-Sections of Oxide Cathodes After Activation and 
Aging i.e. 0 Hours Life. 
It was mentioned in Chapter 1 that the carbonate coating is converted into an oxide by 
directly heating the Ni substrate and coating. This stage is known as activation. 
Cross-section secondary electron and EDX images of an activated oxide cathode are 
shown in Figures 5.27 and 5 .28. 
Figure 5.27. Cross-section secondary electron image of an activated (but not aged) oxide 
cathode. 
EDX maps were also collected from this area. The Al EDX map shows that the Al is 
found in the coating after only 8 minutes of heating. There also appears to be some 
Mg in the coating. The distribution of Ni in the EDX map suggests that Ni is present 
in the coating or aNi rich layer has developed which has then separated from the Ni. 
This former is unlikely as there is no driving force for Ni to diffuse into the coating. 
In between this Ni feature and the substrate strong Al and Sr signals are observed, 
which could imply that there is a layer rich in these elements. 
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Figure 5.28. EDX images taken from the same area from which the secondary electron image 
was collected from in Figure 5.27. 
The EDX line scan in Figure 5.29 clearly shows the separation between the Ni rich 
layer and substrate. It is also interesting that the Mg and 0 signal peaks peak at a 
very similar position to that ofNi in this line scan (i.e. 13.5 ｾｭＩＮ＠
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Figure 5.29. EDX line spectra for Mg, AI, Sr, Ba, Ni and 0 taken across the interface between the 
emissive layer and Ni substrate for an oxide cathode operated for 0 hours (see Figure 5.27). 
Once the oxide cathode is activated, it is then heated for a longer period and current is 
drawn. This stage is known as aging and corresponds to the end of the oxide cathode 
treatment prior to insertion into the CRT. Figure 5.30 shows another secondary 
electron image taken from a cross-section of a cathode after 0 hours of life (i.e. an 
oxide cathode that is activated and aged). 
301Jm 
Figure 5.30. Cross-section secondary electron image of an oxide cathode after 0 hours of life. 
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Figure 5.31. Cross-section EDX images of an oxide cathode with 0 hours life, as seen in the 
secondary electron image in Figure 5.30. 
EDX maps were also collected from the specimen. From the secondary electron 
image it would appear that grain boundaries in the Ni cap are reaction sites. The Mg 
EDX image shows a strong intensity at these reaction sites and 0 is also rich in this 
region. This suggests that MgO is being formed as a reaction product. The 
morphology of the secondary electron image suggests that the interfacial region 
between the Ni substrate and oxide coating has fallen out during preparation. The 
remaining cavity is rich in Al, Sr and 0 . Another interfacial region of this sample is 
presented in Figure 5.32. Similar to the secondary electron image of Figure 5.30, 
cracks are forming at the grain boundary triple point. Unlike the previous set of 
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images, this region does not purely contain Mg and 0 , but an enrichment Al, Sr and 
Ba in these cracks is also observed. 
Figure 5.32. Cross-section secondary electron/EDX images of an oxide cathode with 0 hours 
life. 
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5. 3. 2. Analysis of Cross-Sections of Oxide Cathodes Operated for 1000 Hours. 
Cross-section secondary electron!EDX images from a cathode operated for 1000 
hours are shown in Figure 5.33 and 5.34. From the secondary electron image it is 
clear that the grain boundary cracks have extended to form a network in the surface 
region of the Ni. As seen in the EDX images of Figures 5.32 (0 hour), Al, Mg, Ba, 
Sr and 0 are found within the cracks. Interestingly, the strongest elemental 
correlations in these EDX images are found for (a) Mg and 'high intensity 0 ' and (b) 
AI, Ba, Sr and ' low intensity 0'. Examination of a number of cross-sectional images 
has shown that often within the cracks, the Mg and 0 enrichment occurs closer to the 
surface than the Al, Ba and Sr enrichment. In addition to forming a network, the 
cracks have also increased in length and width compared to those in the 0 hour 
exposure oxide cathodes. 
Figure 5.33. Cross-section secondary electron image taken from an oxide cathode with 
I 000 hours of life, showing the formation of a network of cracks. 
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Figure 5.34. EDX image taken from the large network of cracks shown in Figure 5.33. 
To confirm that these cracks form along grain boundaries, a back-scattered electron 
image has been collected from a cross-section of an oxide cathode that has 1 000 hours 
of life and is presented in Figure 5.3 5. In this image it is possible to see that the 
cracks do indeed form along grain boundaries. 
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Figure 5.35. Back-scattered electron image of a cross-section of an oxide cathode that has been 
operated for 1000 hours. Highlighting that the cracks form along the grain boundaries. 
During the course of this study, it has been noted that some cracks or pinhole voids 
form parallel to the interface. Another region from the 1000 hour sample is presented 
in Figure 5.36. In the secondary electron image, some large cracks have formed in the 
Ni surface. However there are also a number of individual voids which have 
developed at the grain boundaries and in addition to the cracks these also contain 
reaction products. The large cracks are particularly rich in Mg and 0 with lower 
concentrations of Al, Ba and Sr observed. An EDX point spectrum (point 1) from one 
of the voids is shown in Figure 5.36. The large Mg and 0 concentrations are evident. 
As seen after 0 hours of operation Al is found to be present in the oxide coating. 
After 1 000 hours the Al concentration in the coating appears to have increased. Of 
particular interest is the Ni rich feature sitting close to the Ni cap/oxide interface and 
the Al, Sr, Ba and 0 rich region below (ringed on the EDX image in Figure 5.37). 
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The morphology and chemistry of this region is very similar to that seen after 0 hours 
(Figures 5.27, 5.28 and 5.29). Again, it would appear that a layer rich in Al, Ba, Sr 
and 0 is forming at the Ni cap/oxide interface above which is found aNi rich layer. 
EDX images. 
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Figure 5.36. Cross-section secondary electron image taken from an oxide cathode operated for 
1000 hours. An EDX point spectra has been collected from point 1 on the secondary electron 
image. 
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Figure 5.37. EDX images collected from the same region as that in Figure 5.36. 
5. 3. 2. Analysis of Cross-Sections of Oxide Cathodes Operated for 2000 Hours. 
A low magnification secondary electron image taken from a cathode operated for 
2000 hours is given in Figure 5.38. At a number of points across the sample, crack 
networks were observed. However, the most dominant features were two deep wide 
cracks of approximately 8 J..Lm wide and 26 J..Lm in depth. In the vicinity of these 
cracks the Ni caps has become distorted. This curvature in the cap may be the result 
of sample preparation i.e. polishing may have resulted in buckling the Ni. In the 
secondary electron image there seems to be a cavity present where either the resin has 
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not penetrated or some of the coating has fallen out. Light microscopy was used to 
examine this area (Figure 5.38 (b)). This image shows the resin to be present in this 
area and indicated that the buckling must have taken place prior to polishing. The 
severe degradation of the Ni cap observed in these images is consistent with the 
extreme cracking of the 2000 hour cathode observed in the top down mode (Figures 
5.9 and 5.19). 
Figure 5.38. (a) Cross-section secondary electron showing two large cracks present in an 
oxide cathode operated for 2000 hours and a cavity present directly above the Ni. The 
substrate has buckled. (b) A light microscopy image showing that resin is present above the 
buckled region. 
Higher magnification secondary electron and EDX images from a cross-section of a 
2000 hour operated sample are presented in Figure 5.39. The crack network extends 
up to 33 ｾｭｩｮｴｯ＠ the Ni cap. 
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Figure 5.39. Secondary electron and EDX images of a cross-section taken from an oxide 
cathode operated for 2000 hours. 
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After 2000 hours of operation hardly any Mg is present in the crack, although there is 
an abundance of Al, Ba and 0 (and a sn1all atnount of Sr) within the crack. A 
cathode, which had been operated under cotnmercial conditions for 2000 hours, was 
also investigated in cross-section and cracks of roughly the same size were observed. 
5. 4. FIB Cross-Sectional Analysis 
5. 4. 1. TEM Analysis of a FIB Cross-Section Taken from an Oxide Cathode 
Operated for 0 Hours. 
Before the FIB cross-section was cut, the oxide cathode was stripped. A random area 
was chosen for the FIB cross-section. Platinum was then deposited on this area (as 
described in Chapter 4). Not all of the oxide coating was removed from the san1ple. 
This was beneficial, as the literature survey had not yielded any TEM diffraction data 
on the oxide coating. Consequently a TEM specimen including a piece of oxide was 
prepared so that a diffraction pattern could be obtained fron1 it. The three ion-induced 
secondary electron in1ages in Figures 5.40, 5.41 and 5.42 were taken in the FIB 
instrument and show; (a) the area that the cut was made from, (b) the cut itself and (c) 
the final TEM specimen. 
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Figure 5.40. Ion-induced secondary electron image from an oxide- cathode after 0 hours of life, a 
region where Pt has been deposited prior to ion etching. 
Figure 5.41. Jon-induced secondary electron image from a bird' s eye view of the final etched 
specimen. 
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Figure 5.42. Ion-induced secondary electron image of a ｣ｲｯｳｾＭｳ･｣ｴｩｯｮ｡ｬ＠ view of the etched 
specimen prior to removal. 
In the final FIB image of the cross-section there are a number of interesting features 
which have been marked on the image with numbers. ( 1) The top dark grey layer of 
the specimen is the Pt deposited on the surface for protection. (2) The hole at the 
right edge is oxide coating that was present on the surface of the Ni but which has 
fallen out or been etched away during sectioning. However, some oxide coating still 
remains in the sample in the centre of the specimen under the Pt layer (3). Although 
difficult to make out in the image there is also a very thin bright layer between the Ni 
and Pt which extends across the whole sample (4). There are also two small circular 
features in the Ni just to the right of the oxide coating in the centre (5). A SAD pattern 
was first acquired from the oxide coating. 
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Figure 5.43. A bright field image of the oxide coating found in the centre of the specimen. 
Figure 5.44. A small area SAD pattern taken from the oxide coating and Ni substrate. 
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This bright field image in Figure 5.43 shows the oxide coating found at point 3 in the 
cross-section. In this image we see that there are two pieces of the coating on the 
surface of the Ni. The thin bright layer on top of the Ni surface can also be seen in 
this image. The diffraction pattern in Figure 5.44 was obtained from the oxide 
coating and Ni substrate. The diffraction spots originate frotn the Ni substrate and the 
diffraction rings arise from the oxide coating and any other reaction products that may 
be present. Fron1 this diffraction pattern it has been deduced that the Ni has an 
orientation such that the beam direction is close to a <0 13> direction. This Ni 
diffraction pattern was used to calibrate the catnera constant so that the d spacing for 
the possible products that have produced these unidentified diffraction rings could be 
determined. Once the d spacing had been detennined, the corresponding rings were 
drawn on to acetate and overlaid on the image. From this the compounds present 
could be identified. Diffraction rings conesponding to both BaO and SrO in 
accordance with the d spacing data published by Lui [65] and Swanson et al [66], 
respectively were found. Many SrO and BaO rings were identified - ((200), (220), 
(222), (400) and (531)) for SrO and ((101), (111), (200), (201) and (301)) for BaO. 
Another SAD pattern was recorded solely from the oxide coating (Figure 5.48, it was 
assumed that the camera constant was the same). The same SrO and BaO patterns 
were identified on this diffraction pattern, with the BaO ( 1 01 ), ( 111 ), (200) atld (3 00) 
and the SrO (200) and (420) rings being present. The SAD also contained a 
contribution from the amorphous platinum layer deposited on top of the specimen. In 
the literature tnany d spacing values are suggested for different diffraction patterns for 
BaO and SrO. All of these diffraction patterns were used to see if they fit the 
unidentified diffraction patterns for the oxide coating, but only one from each phase 
seemed to fit all of these diffraction patterns taken fron1 the oxide coating, and were 
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those of Lui and Swanson. Another compound was identified in the SAD pattern in 
Figure 5.44 -barium aluminate (BaAb04). Considering the EDX data described in 
this chapter BaAb04 is a likely reaction product between the coating on the Ni cap 
and present within the thin interfacial layer (point 4). Nine BaAh04 rings were 
identified (11 0), (Ill), (200), (202), (1 05), (1 06), (220), (312) and ( 402) in 
accordance with the data given in the National Bureau of Standards report of July 
1965 [67]. BaA120 4 was not found to be present in the SAD from the oxide coating 
only (Figure 5.45), as would be expected. 
Figure 5.45. A small area SAD pattern collected from the oxide coating only. 
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Figure 5.46 is a bright field image showing the two small circular features labelled as 
(1) corresponding to the feature marked as (5) in the bulk Ni of Figure 5.42. It should 
be noted that in the bright field image, the Ni grain structure above these features is 
different from than below it. With the grain size of the material above these features 
is approximately 0.5 f..Lm in diameter, whereas the bulk Ni below has a grain size of20 
f..Lm. 
Figure 5.46. Bright field image of two small circular features found in the bulk Ni. 
A very thin layer on the sample of the Ni can also be seen and is labelled as point (2) 
in Figure 5 .46. A SAD was collected from this layer is shown in Figure 5.4 7. 
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Figure 5.47. SAD pattern collected from the two circular features found in the bulk Ni 
(labelled as (1) in Figure 5.46) of an oxide cathode after 0 hours of life. 
The Ni again has a <0 13> pole approximately parallel to the beam direction and the 
camera constant was determined. The rings are consistent with BaAh04 ( 111 ), ( 1 04 ), 
(212) or (204) and (220), SrO (111), (200), (220), (222) and (400) and the BaO (110) 
(101), (201) and (301) were also identified in the SAD pattern. Returning to the 
circular features in the bulk Ni, an EDX spectrum was collected from the large 
circular feature on the right. In the EDX spectrum for the large 0 , Ni, AI, Sr, Ba and 
Cu are found to be present. The Cu peak arises from the TEM copper grid. In light of 
EDX data obtained earlier in this chapter the presence of Sr, Ba, AI and 0 suggests 
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that these bright features are reaction product. EDX maps were also acquired from 
this area and are presented in Figure 5.49. 
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Figure 5.48. EDX spectrum collected from the large circular feature shown in Figure 5.46. 
Figure 5.49. EDX spectra taken from the FIB cross-section of an oxide cathode after 0 hours 
of life. 
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There is a weak Sr signal con1ing frotn this area. In the AI EDX tnaps of this area 
there is also a slight AI signal coming frotn the large feature on the right. 
Unfortunately, both the Al l(a. and Sr La.1 peaks, which were used for tnapping, sit on 
the tail of the Pt ｍｾ＠ peak which was also used for mapping. This explains the 
apparently strong Al and Sr signals being produced fron1 the Pt layer. With respect to 
the thin layer present on the Ni, this overlap of EDX peaks makes it difficult to 
determine if the Sr is coming frotn this feature or frotn the interfacial layer. However, 
it is clear from these maps that there is a strong presence of both 0 and Ba at the 
interface. Returning to the smaller feature; its respective EDX spectrutn shows that 
both Mg and 0 are present in this area. However, MgO was not identified in the SAD 
pattern. The table below summarises what products have been identified in which 
features of this first sample. 
Table 5.1. Summary of the products found in the FIB cross section from an oxide cathode with 0 
hours of life. 
Area of analysis Relative size of Products identified and the observed indices 
area from which the 
SAD was collected 
Oxide coating Small Ni (013) 
and Ni Substrate BaO (101), (111), (200), (201) and (301) 
SrO (200), (220), (400) and (531) 
BaAb04 (11 0), (111 ), (200), (202), (1 05), 
(1 06), (220), (312) and ( 402) 
Oxide coating Small BaO (101), (111), (200) and (301) 
only SrO (200) and ( 420) 
Amorphous Pt 
Circular round Large Ni (013) 
features in Ni BaO (110), (101), (201) and (301) 
substrate SrO (111), (200), (220), (222) and (400) 
BaAh04 (111), (104), (212)/(204) and (220) 
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5. 4. 3. TEM Analysis of a FIB Cross-Section of an Oxide Cathode Operated for 
1000 hours. 
The same procedure as described previously was undertaken for preparing this 
specimen. The FIB section is shown in Figure 5.50. 
Figure 5.50. Ion-induced secondary electron image of a FIB cross-section taken from an oxide 
cathode operated for I 000 hours. 
There was apparently no oxide remaining on the surface from where the FIB cross-
section was cut. However, like the previous FIB cross-section there is aPt layer on 
the very top of this specimen which has a very dark contrast in the image. There is 
also a very thin bright layer running across the length of the specimen, under the Pt 
layer. As with the previous example this layer is difficult to see in this image. This 
specimen has two features not found in the previous specimen: (i) there is a relatively 
thick layer running across the entire specimen. It is approximately 0.4 J..lm in 
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thickness (when taking into account of the 45° tilt of the specimen) and is directly 
below the very bright thin layer that was seen in the previous specimen and (ii) there 
are some dark features sitting above and below this layer at the interface with the 
surrounding material. 
EDX point spectra were collected from several different points across the sample. 
These areas included the Pt layer, the interface between the Pt and the light grey layer, 
the light grey layer itself, the dark features sitting at the interface of the light grey area 
and the bulk Ni and the bulk Ni. All of these are shown in Figure 5 .51 . 
cps 
5 10 
cps 
3-.-------------------------------------------------------, 0 (b) 
Energy (ke\1) 
139 
Chapter 5: Results 
ops 
Ni (c) 50 
40 
30 
20 
10 
0 
5 10 
En e rgy (l<e \1) 
(d) 
Sr 
5 10 
Energy (l<e\J) 
5 10 
Figure 5.51. EDX spectra taken from different areas of the FIB cross-section of an oxide cathode 
after 1000 hours of life. (a) Collected from the amorphous Pt layer, (b) ft·om the thin sldn layer, (c) 
ft·om the light grey Ni layer, (d) from the product that has formed at the interface of the Ni layer 
and bull{ Ni and (e) from the bulk Ni. 
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In all of the above EDX spectra the Cu signal is due to the copper TEM grid. Carbon 
is also sometimes present in these spectra and this is due to the so-called carbon holey 
film which supports the FIB section on the gird. The EDX spectrum for the Pt layer 
shows that Pt and a sn1aller quantity of Ga are present in this layer. The Ga is a result 
of the Ga ion source used in the FIB to sputter the material away to produce the TEM 
sample. This is another reason for why Pt is used as a protective layer. In other 
words it stops the Ga from implanting into the specimen and changing its chemical 
composition during sputtering [ 68]. Unfortunately this FIB instrument did not have a 
dual electron beam, therefore, images were acquired due to ion-induced secondary 
electrons. As a result some Ga implantation occurs across the whole of the specimen. 
The next EDX spectrun1 of the interface between the Pt layer and the light grey layer 
in the specimen, i.e. the very thin bright layer (Figure 5.51 (b)), shows that 0, Al, Sr, 
Ba, Ni and some Ga are present. The Ni is likely to have come from the light grey 
layer below as will become evident later. This would then imply that the 0, Al, Sr 
and Ba are coming from the thin layer at this interface. The EDX spectrum from the 
light grey layer (Figure 5.51 (c)) indicates that the layer is n1ainly Ni with a stnall 
contribution from W and a very small signal frotn Mg. The next EDX spectrum was 
collected from the dark features (Figure 5.51 (d)), which are found under the light 
grey Ni layer. In this spectrum 0, Al, Sr, Ba and sotne Ni are detected. The results of 
semi-quantitive EDX chemical analysis are presented in Table 5.2. The Sr and Ni 
contribution is very small cotnpared to the other eletnents that have been analysed. 
However, as before the Al, Ba and 0 concentration is high like before, which would 
indicate that this is sotne sort of reaction product. The Ni EDX spectrum, as 
expected, shows that Ni and W are present in the bulk Ni. 
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Table 5.2. Semi-quantitative elemental analysis of the dark feature found under the light grey Ni 
layer found in a FIB cross-section from an oxide cathode that has had 1000 hours of life. 
Element Elemental% Atomic% 
0 40.6 77.1 
AI 9.4 10.6 
Ni 4.2 2.2 
Sr 0.3 0.1 
Ba 45.5 10.0 
In order to clarify the phases present, SAD patterns were collected from these areas. 
A diffraction pattern was obtained frotn the Pt layer (not shown here) and showed that 
this Pt layer is amorphous, which is expected [62]. This ring has a d spacing of 
approximately 0.22 nm . Unfortunately it is difficult to be n1ore accurate than this 
as the ring is very diffuse, which is typical for diffraction rings which have been 
produced by amorphous artefacts [ 69]. However, this d spacing is very shnilar to that 
of Swanson and Tatge d spacing for the (111) of Pt, which is 2.265x10-10 111 [70]. A 
SAD pattern was then obtained frotn the Ni rich light grey layer as is shown in Figure 
5.52. 
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Figure 5.52. SAD pattern collected from the Ni rich light grey layer found in the FIB cross-section 
of the oxide cathode that has had 1000 hours of life. 
The final SAD pattern was collected from the bulk Ni and is shown in Figure 5.53. 
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Figure 5.53. SAD pattern collected from the bulk Ni of the FIB cross-section of the oxide 
cathode that has had 1000 hours of life. 
Again this SAD had been collected from an individual crystal and like before the 
EDX spectrum that was collected from the same region clarified that this was indeed 
the bulk Ni. From this TEM investigation it was clear that reaction products were 
forming in the Ni (like those seen in Figure 5.46) and that some type of layered 
structure was forming. A bright field image of this layered structure is shown in 
Figure 5.54. 
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Figure 5.54. Bright field image of the layered structure found in the FIB cross-section of the 
oxide after 1000 hours of life. 
It was mentioned earlier that a bright thin layer was present underneath the deposited 
Pt layer. This is clearly shown in this bright field image where it can be seen in the 
top left-hand side of the image. This layer was shown previously in a FIB cross-
section of a 0 hour operated oxide cathode, as shown in Figure 5 .46, and as before this 
layer is not continuous but intermittent. Directly under this layer is a small-grained 
Ni layer. These fine grains are approximately 0.4 J..!m in diameter. These fine grains 
have also been shown previously in Figure 5 .46. Furthermore, under this layer are the 
reaction products which are shown in this image which have a very high brightness. 
Then finally we have the underlying bulk Ni. A large area SAD pattern was collected 
from this area, and is shown in the next figure. From this SAD pattern three different 
145 
Chapter 5: Results 
spots were selected and are marked on the figure. Dark field images were then 
collected from this spots and are presented in Figure 5.56. 
Figure 5.55. A large area SAD pattern collected from the layered structure found in the FIB 
cross-section of the oxide cathode operated for 1000 hrs. 
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Figure 5.56. Dark field images from points 1, 2 and 3 marked on the large SAD in Figure 5.55. 
From these three images it is clear three very distinct products have been selected 
from the SAD pattern. The radius for each spot was measured and the subsequent d 
spacing was calculated, as seen in Table 5.3. When the d spacing for these dark field 
images are compared to those of BaAh04 and MgO there is a very close match. All 
other likely products were considered but did not yield as good as fit as the BaAh04 
and MgO d spacing. 
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Table 5.3. Dark field images d spacing and respective product hkl's. 
Dark Field Image No. d spacing Compared product hkl 
1 0.100 run Ni 222 
2 0.098 run MgO 331 
3 0.106 run BaAh04 300 
EDX maps have also been collected from these areas, and are presented in the next 
image. 
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Figure 5.57. EDX maps taken from the interface which has been exposed in a FIB cross-section 
of an oxide cathode operated for 1000 hrs. 
Again the Pt layer is sitting on top of the specimen. From the Ni EDX map it can be 
seen that the Ni layer has either been separated from its bulk by some reaction 
products or that this Ni layer has somehow grown over these reaction products. The 
Ba EDX map is of great interest as it is very similar to the third dark field image 
presented in Figure 5.56. Again there is a thin layer present on top of the Ni and is 
rich in Ba. The reaction products that are found at the interface of the bulk Ni and the 
Ni layer are also Barich. As mentioned previously there is a problem when mapping 
Sr and Al due to their proximity to the Pt peak. As a result it is difficult to confirm 
from these EDX maps if Sr and AI are present in this thin Ba rich layer. However, 
both of these elements are producing signals from the region of these reaction 
products that are found in the Ni. It is very unlikely that Pt would be found at such 
depths; therefore it can be reasonably assumed that these are due to the presence of 
BaAh04. Again there is no Mg in this thin layer, but Mg is located in the reaction 
product area. Furthermore, the Mg is locally separated from the other elements which 
are found here apart from 0 which is found all over this region. 
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5. 4. 4. TEM Analysis of a FIB Cross-Section of an Oxide Cathode Operated for 
2000 hours. 
Figure 5.58. Ion-induced secondary electron image of a FIB cross-section taken from an oxide 
cathode operated for 2000 hours. 
The figure above shows another FIB cross-section of an oxide cathode, but this time 
the cathode has been in operation for 2000 hours. The Pt layer is present as normal 
with the bright thin skin layer also visible in this figure. As was observed previously 
light grey layer is present in this sample with some sort of reaction products found at 
the interface between this layer and the bulk Ni. In the previous sample this light grey 
layer, which was discovered to be Ni was 0.4 JJ.m thick. In this sample this light grey 
layer is approximately 2 JJ.m thick, which means that over 1000 hours this light grey 
layer has grown to over five times its original thickness. The reaction products have 
also increased in thickness. In the 1000 hours sample their thickness was roughly 
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0.07 J.UU. This has increased to 0.21 J..tn1 in the 2000 hour sample. EDX point spectra 
were also collected from these areas and are presented below. 
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Figure 5.59. EDX spectra collected from (a) the deposited sacrificial Pt layer, (b) the skin layer, (c) 
the thin fine grain Ni layer, (d) the reaction products at the interface of the fine grained Ni Ia yea· and 
the bulk layer, (e) the same as (d) but from a different region and f) fa·om the bulk Ni. 
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The first EDX spectrum shown here is from the deposited amorphous Pt layer. This 
spectrum is identical to that collected from the 1000 hours sample. As previously 
observed there is a Ga signal due to the implantation of the Ga ions into this sacrificial 
Pt layer, and there is also a Cu signal which has been generated from the copper grid. 
The EDX spectrum from the thin bright skin layer is also consistent with that which 
was taken from the 1000 hour sample. Like before, Al, Sr, Ba, 0 , Ni, Ga, Pt and Cu 
are found to be present within the area. It is most likely that the Al, Sr, Ba and 0 are 
found within the bright layer, and the other elements have been detected due to 
surrounding material. Furthermore, the EDX spectrum from the light grey layer, 
which was previously identified to be Ni, is also exactly the same, with only Ni, W 
and 0 being detected. This is also the case for the EDX spectrum taken from the bulk 
Ni in the sample. Finally two EDX spectra have been collected from the reaction 
products that have formed at the interface of the Ni layer and the bulk Ni. The first 
shows a very strong signal for both Mg and 0 , whereas the second shows strong 
signals for AI, Sr, Ba and 0 (ignoring the contribution from Cu and Ni). To further 
clarify the elemental spatial distribution EDX maps were collected from these 
reaction products and are presented Figure 5.60. 
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Figure 5.60. EDX maps collected from the interface which has been exposed in a FIB cross-
section of an oxide cathode that been operated for 2000 hours. 
From these maps it is clear that there are two products that have formed in this area. 
One which is indeed Mg rich and the other which is rich in Sr, Ba and Al, with 0 
being present in both products. There is clearly a spatial correlation between the two 
reaction products. Two maps for Sr have been collected. One from the SrKa1 peak 
(which is close to the Pt peak which is used for mapping) and the SrKa2 peak. In this 
latter map it is clear that Sr is truly present in the thin layer and in the reaction 
products, as the SrKa2 EDX peak is not near any other overlapping EDX peaks. 
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5. 4. 2. TEM Analysis of a FIB Cross-Section of a Crack Found in an Oxide 
Cathode Operated for 2000 Hours. 
The three FIB cross-sections discussed above were taken from single grains of Ni. In 
order to achieve a comprehensive understanding of the mechanisms that are occurring 
during operation, a FIB cross-section was also taken from a crack that had formed at a 
grain boundary in the nickel substrate of an oxide cathode that had been operated for 
2000 hours. An ion-induced secondary electron image of this cross-section and a 
secondary electron image of the surface from which the FIB cross-section was cut 
from are shown in Figures 5.61 and 5.62. 
Figure 5.61. An ion-induced secondary electron image of the area from which the FIB cross-
section of the crack was made from. 
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Figure 5.62. An ion-induced secondary electron of the FIB cross-section itself. The 
lines are a result of the etching. 
As in the previous three FIB samples the sacrificial Pt layer that is present at the top 
of the section. Three grains surround the crack. The crack appears to be full of 
reaction products, like those seen in previous mechanical cross-sections. A thin skin 
layer can again be seen running across the two grains that are beside the crack. There 
are also products formed at the interfaces between the grains and are perpendicular to 
the crack. EDX point spectra were collected from four distinctly different regions 
which have been marked on Figure 5.62. 
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Figm·e 5.63. EDX spectra collected from (a) the light grey grain to the left of the crack mouth, (b) 
inside the cracl<., (c) the reaction products that have formed in th Ni grain to the right of the crack 
and (d) from the reaction products between the two Ni grains to the left of the cracl<.. 
Again Pt, Ga and Cu EDX signals are present in all of these EDX spectra. The first 
EDX spectrum presented in Figure 5.63 (a) was collected from the top of the light 
grey grain (point 1 ), which is found at the top of the specimen and to the left of the 
crack mouth. With such a large Ni signal being present it is without a doubt Ni. 
However, there are small EDX signals arising fron1 AI, Ba and Sr and slightly larger 
signals from 0 and Mg. It is possible that the Al, Ba, Sr have been detected due to the 
presence of the thin layer which is present again across this sample, i.e. the BaAh04 
layer. Further still the Mg may have also been detected due to MgO being present at 
this site as well. The second EDX spectnun was collected fron1 the crack (Figure 
5.63 (b), point 2). This spectnun is also very sin1ilar to the previous example, except 
for the extren1ely large Mg EDX signal, which maybe due to large amounts of MgO 
being present in this crack. It is also likely that the small AI, Ba and Sr EDX signals 
are due to the presence of BaAh04 in the crack. The third EDX spectrun1 was 
collected from some sott of reaction products that have seemed to have formed in the 
Ni grain (Figure 5.63 (c)) and are shown in the ion-induced image in Figure 5.62 as 
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light grey grain like features (point 3). In this spectrum the same eletnents have been 
detected however the Mg signal is not as intense as in previous spectn1n1 and is 
relatively equal to that of the Al signal, and as before the Ni signal is very intense due 
to the surrounding bulk Ni. The last EDX spectrum has been collected fron1 an 
interfacial product that had formed at the interface of the two Ni grains which are to 
the left of the crack (see Figure 5.63 (d), point 4). This final EDX spectrum is 
different to the others as there is no Mg signal present. Here there are large signals 
for AI, Ba, Sr and 0. What is also of interest is that this reaction product does not 
seem in full contact with surrounding material as if there is void space which has not 
been filled. EDX maps have been collected from these four different areas. The first 
presented in Figure 5.65 has been collected from this light grey grain like feature 
which is to the left of the crack and at the top of the sample. 
In the bright field in Figure 5.64 a thin layer is present on the surface which has the 
sa1ne thickness as before. In the Pt EDX map (Figure 5.65) the signal is consistent 
apart from in the crack region which would imply that the signal has been reduced 
due to the presence of other elements in this position. The Ba map is consistent with 
other results showing that the Ba is one of the main constituents in this thin layer. 
This is also the case for 0. However, no signal was detected for Sr, AI or Mg. 
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Figure 5.64. TEM bright filed image of the Ni grain left of the crack mouth. 
Figure 5.65. EDX maps of the crack mouth found in a FIB cross-section from an oxide cathode 
operated for 2000 hours. 
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Figure 5.66. TEM Bright field image of the crack. 
Figure 5.67. EDX maps were collected from the crack found in the Ni substrate of a FIB cross-
section of an oxide cathode operated for 2000 hours. 
161 
Chapter 5: Results 
In Figure 5.66 there is a bright field image of the crack region and EDX maps have 
been obtained from this area (see Figure 5.67). The Pt tnap shows that the Pt has been 
deposited down the crack walls. The Ba, Sr and Al maps are very similar. It would 
seetn that products containing these eletnents as well as 0 have been detected in the 
material to the left of this crack Interestingly the Mg map again has a spatial 
correlation with these eletnents. Where there is no Ba, Sr or Al in this side of the 
crack there is Mg apart frotn a little piece of material which has none of these 
elements apart from Ni. The 0 is found all over this left-hand side, which would 
coincide with the fact that these compounds are again most likely to be BaAh04 and 
MgO. In these maps we can see that there is tnore MgO present than BaAh04 which 
is consistent with the respective EDX point spectrum in Figure 5.63. The right-hand 
side of the crack is purely Ni, however Ni is also found to be decorating the walls of 
the left-hand side of the crack just under the thin Pt deposited layer. 
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Figure 5.68. TEM bright field image of the reaction products that have formed at the 
bottom of the Ni grain on the right-hand side of the crack (marked as point 3 in Figure 5.66). 
Figure 5.69. EDX maps of the reaction products that have formed at the bottom of the Ni grain 
on the right-hand side of the crack. 
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In this bright field in1age there is a dark grain at the top left of this itnage which is 
then surrounded by semi translucent material. In this i1nage there are also light 
coloured holes which are actually the holes in the holey carbon film which the 
specimen is sitting on. The Pt has been able to deposit down the crack and along this 
interface to decorate this edge. It can be seen that the Ba and Sr maps do not coincide 
entirely with one another. They do coincide to the left of both in1ages where it would 
seem that a reaction product which is rich in Ba, Sr and 0 has fonned along this edge. 
Furthermore, at this point on the edge the Pt signal has reduced. The other point 
where these two elements coincide with each other is to the far right-hand side of 
these maps. However, at this point there is also a strong Al and 0 signal. 
Interestingly in these maps there is a large area where there is a very strong Ba, AI 
and 0 EDX signal but no Sr signal. In the Mg EDX map an MgO grain can be clearly 
seen. This is also seen in the bright field hnage where it is surrounded by BaAh04 
gratns. 
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Figure 5. 70. TEM bright field image of the reaction products that have formed at the 
bottom of the Ni grain on the left-hand side of the crack (marked as point 4 in Figure 5.66). 
Figure 5. 71. EDX images of the reaction products that have formed at the bottom of the Ni 
grain on the left-hand side of the crack. 
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This last final bright field hnage and set of EDX 1naps, shows a reaction product that 
has formed below the Ni grain to the left of the crack. In the bright field image this 
product has void space around it, which is still vacant. From the EDX maps it can be 
seen that this product is rich in Ba, AI and 0. No Sr EDX 1nap could be produced 
which is unusual as the coiTesponding EDX point analysis of this area shows Sr to be 
present. It is very likely that this reaction product is also BaAh04. To verify if 
indeed that these AI and Mg rich products were in fact BaAh04 and MgO, SAD 
patterns were collected from single grains of the postulated products, like that seen in 
the third set of EDX maps where it is clear to see an Mg rich single grain. Fro1n the 
SAD pattern collected from a Mg rich area it was determined that it indeed was MgO 
with a [0 11] orientation like that seen in Figure 5. 72. Figure 5. 73 is a SAD diffraction 
pattern taken from a single grain which was AI rich. From this diffraction pattern it 
was determined that this grain was actually BaAh04 with [00 1] beam direction. 
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Figure 5. 72. SAD pattern from a single grain in Mg and 0. 
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Figure 5.73. SAD pattern from a single grain rich in Ba, AI and 0. 
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Discussion 
6. 1. Introduction 
It is clear that there are a number of processes occurring at the oxide/Ni substrate 
interface during cathode operation. Due to the complex nature of this subject, the 
discussion will be broken down into four sections. The first section will discus 
formation of the thin interfacial ('skin') layer on the Ni surface. During this study the 
presence of cracks have frequently been noticed, therefore, the second section will focus 
on evolution of cracks. The third section will consider the products/voids that fonn 
within the bulk Ni and parallel to the oxide coating/Ni interface. Finally, a model will 
be presented which will bring together all of the observed phenomena and propose 
mechanisms occurring during operation of the oxide cathode which can explain their 
occurrence. 
6. 2. Slrln Formation 
The formation of a thin interfacial layer was first observed on an oxide cathode which 
had been activated and aged. The coating had been stripped away and the analysis was 
performed frotn a top down approach. The 'top down' EDX spectrum collected from 
this exposed surface showed small Ba, Al, Sr and 0 signals, plus an intense Ni EDX 
signal (Figure 5.1 ). AES analysis of an activated and aged cathode showed the presence 
ofBa, Sr, Al, 0 and Ni (Figure 5.2). The presence ofNi in the AES spectnun suggests 
that there is a thin layer ( <5 nm) fanning at the Ni cap/en1issive oxide interface. 
Comprised of Ba, Sr, AI and 0 on the surface of the Ni after '0 hours of life'. This is 
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the 'skin' layer. After 1000 hours of operation (Figure 5.3) the EDX spectrutn exhibits 
stronger Ba, Sr, AI and 0 peaks and the AES spectrum from the exposed surface shows 
the presence ofB_a, Sr, AI and 0, but no Ni peak. Thus, the skin has a thiclmess which 
increases with operation time, being > 1 0 1m1 after 1 000 hours of operation. Futther 
evidence for the formation of this skin layer at the Ni cap/emissive oxide interface 
during operational life is given by EDX tnaps (e.g. Figure 5.4), the ToF-SIMS depth 
profile (Figure 5 .18), EDX tnaps taken from the mechanical cross-sections (Figure 
5.31) and EDX maps taken from the FIB sections (Figures 5.57, 5.60 and 5.65). 
To establish the compounds that are being formed in the skin, a SAD pattern was 
collected from the Ni substrate/emissive oxide interface of a FIB sectioned oxide 
cathode that has been activated and aged (Figure 5.44). BaO, SrO and BaAh04 were 
identified from the diffraction pattern. BaO and SrO originated frotn the oxide coating. 
This was clarified using the SAD pattern from the oxide coating (Figure 5.45) where 
BaO and SrO were identified. BaAh04 is a possible reaction product between AI and 
the (Ba,Sr)O coating, resulting in the formation of the skin layer. However, in most of 
the AES/EDX spectra recorded from this skin layer, Sr was detected. Due to the 
similarity in aton1ic size and nature of both elements, it is proposed that Sr is 
substituting Ba at some sites to form (Ba,Sr)Ab04. BaAh04 was repotted to be a 
common reaction product by Rooksby during the 1940's [7]. Doubts have been raised 
as to whether Sr would be found in any reaction products and Eisenstein has even 
suggested that only a SrO emissive oxide layer could produce a Sr containing interfacial 
product [6, 8]. Furthermore, the thermodynamic based work of Aida et al has also 
suggested that Ba containing products were likely to frmn rather than Sr based products 
[ 40]. However, Gaertner states that Sr does substitute Ba in the reaction products that it 
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forms [ 19], which agrees with the results presented here. Further still, A ten et al 
performed a study into the diffusion of elen1ents from the oxide coating into the Ni, and 
discovered that Sr was diffusing into the Ni but at levels 1 0 times lower than that of Ba 
[71]. This indicates that SrO can be reduced releasing Sr which like free Ba is then 
available to form reaction products. 
This skin layer has been seen to be present on the surface of the Ni after activation. 
Therefore, this layer is present at the very beghming of the oxide cathode's life in a 
CRT. In Chapter 2, it was proposed by Eisenstein that this layer could inhibit the 
diffusion of further activators to the emissive layer i.e. the blocking effect [8]. 
However, images taken of this skin layer, like the secondary electron cross-section 
image in Figure 5.36 or the bright field images from the FIB cross-sections (Figure 5.46 
and 5.54) show that this layer is not continuous and that there are gaps in this layer that 
would allow activators to diffuse to the interface. This has even been seen after 1000 
hours where EDX itnages show slight breaks in the skin layer (see Figure 5.57). 
Therefore, this skin layer does not stop the flux of diffusing activators totheinterfuce; it 
only slows the flux down. Furthermore, in Figure 5.37 cross-sectional EDX analysis 
shows that AI has been found in the coating which would hnply that the activators are 
diffusing past this interface and into the oxide. Evidence of AI in the coating is also 
provided by the presence of a small AI peak in the AES spectrum from an oxide 
retnnant (Figure 5.8). Analysis of the grid in the CRT (undertaken by L.G Philips-
Displays, Blackburn) has shown the presence of a layer of Mg on the grid surface 
(Figure 6.1) suggesting that Mg readily diffuses from the Ni cap through the oxide to 
the cathode surface [72]. 
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Figure 6.1. An ion image of the grid 1 which sits above the oxide cathode and an AES 
spectrum collected from part of that grid, showing the Mg has defused past the interface, 
through the coating and deposited on the gird 1721. 
Thus, activating elements are clearly able to diffuse across the interface region. 
Information on the skin layer thickness can be extracted from the FIB cross-section 
TEM and EDX images. Bright field images after 0 and 1000 hours of life are given in 
Figures 5.46 and 5.54 respectively and a set of EDX maps after 2000 hours of life given 
in Figure 5.60. From these images it can be estimated that after 0 hours, 1000 hours and 
2000 hours the skin thickness is approximately 70 nm, 110 nm and 80 nm respectively. 
Consequently, the thickness is similar only to the lowest value suggested by other 
workers - 0.1 !J.m proposed by Wright [ 42]. It should be noted however, that the 
dummy oxide cathodes used in this study have had less current drawn from them over 
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the course of their lifetime than their industrial equivalents. Also the activators used in 
previous oxide cathode interface thickness tneasurements have varied, tneaning that the 
final interface products will be different as seen in Table 2.2, which tnay have an effect 
on the overall thickness of this layer. Therefore, the thickness of this layer maybe 
different in the industrial oxide cathodes previously studied. 
Furthermore, this interfacial layer thickness clearly does not change as a result of 
operational time (as suggested by Eisenstein or Aida). In contrast, our results agree 
with Hensley & Affleck [ 43] in that the thickness of the interfacial layer is not a 
function of operational time and will not block the diffusion of activators. 
To conclude, a thin layer of (Ba,Sr)Ah04 is fonned at the interface between the Ni cap 
and emissive oxide which is roughly 100 11111 in thickness. This layer grows in the 
initial stages of oxide cathode operation and once its thickness reaches approxin1ately 
100 nm the thickness does not change as a function of operational titne. The skin layer 
will not block the diffusion of activators to the etnissive oxide. 
6. 3. Cracl\. Development 
Fine cracks were observed across the surface of the Ni substrate after activating and 
aging (Figure 5.1). The cracks forn1 at grain boundaries. With increasing operational 
life, the cracks widen and deepen. After 2000 hours cracks were observed with a width 
of 8 J.lm and a depth of 20 J.lm. The severity of the cracking after 2000 hours is such 
that it can lead to buckling of a Ni cap. As the cracks develop at grain boundaries, a 
three-dimensional network of cracks rapidly fonns in the surface region of the Ni cap. 
173 
---------------------------- -- --- -
Chapter 6: Discussion 
Reaction products were found within the cracks. EDX spectra and maps repeatedly 
showed the presence of strong Mg, Al, Ba, Sr and 0 signals from the product present 
within the cracks and a ToF-SIMS profile also provided clear evidence of AI and Mg in 
the cracks. Interestingly EDX maps of mechanical cross-sectioned samples showed a 
differentiation in the location of the Mg and AI rich products. Suggesting the formation 
of two separate reaction products, one Mg rich and the other AI rich. This was further 
endorsed by the EDX maps from the FIB sections. SAD confirmed the presence of 
BaA120 4 and MgO as the two reaction products forming in the cracks. The presence of 
low intensity Sr signals in the EDX spectra and maps from the cross-sections suggests 
that in addition to BaAb04, some (Ba,Sr)Ah04 was also formed as a reaction product. 
This is not the first time that cross-sections of the oxide cathode have been examined. 
Aida et a! have also produced cross-sections of an oxide cathode and their results 
showed that cracks form along grain boundaries and a network of cracks form during its 
operation in the substrate Ni [73]. Ba and Zr, an activator used at the time were found 
to be present in the cracks, see Figure 6.2. 
ｾｏｸｩ､･＠ (E) 
ｾｂ｡ｳ･＠ Metal 
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Figure 6.2. On the left is an SEM micrograph of the cross-section and on the right the EDX point 
analysis from one of the cracks (marked E). From the work of Adia et a/[73[. 
This cracking phenomenon was also observed by Noake et a! and the cracks were 
referred to as grooves [74]. During the study ofNoake eta! it was also noted that the 
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product which had formed on the surface of the substrate was also forming in these 
cracks, sin1ilar to our observations that the skin layer is (Ba,Sr)Alz04 and this 
compotmd is also one of the reaction products found in the cracks. Previously the oxide 
cathode community has chosen to ignore these results. It was presumed that cracking is 
inherently a bad situation, and it can be. When the cracks become too large it would 
seem that the substrate buckles and can cause the coating to fall off, (as illustrated in 
Figure 5.38) leading to a reduction in the performance or failure of the oxide cathode. 
However, if these cracks remain at a reasonable size they are actually beneficial to the 
performance of the oxide cathode. It is well lmown that surface diffusion of species is 
faster than grain boundary or bulk diffusion. Therefore, as the crack forms, two new 
surfaces are produced which enables those activators which still remain deep in the 
substrate to have a faster diffusion path to the intetface. This tnaintains a flux of 
activators to the interface so that BaO n1ay be reduced, releasing free barium. If these 
cracks were not present then the only fast paths for diffusion would be grain boundaries. 
However, the formation of reaction product of grain boundaries would restrict the 
diffusion rate of activators to the interface. 
In conclusion, crack formation in the Ni substrate during oxide cathode operation occurs 
at grain boundaries. Evidence for the presence of such cracks has also been reported by 
other workers. The cracks increase in length and width as a function of time and join at 
triple points to an interlinking network. Mg reaction products have been found only in 
the cracks, not in the skin layer. BaAh04 and (Ba,Sr)Ah04 are present as reaction 
products in the skin layer and in the cracks. The oxide cathode co1n1nunity has chosen 
to ignore previous results on cracking, as it is perceived to be inherently negative. 
However, as surface diffusion is the fastest diffusiontnechanism the forn1ation of cracks 
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at grain boundaries facilitates a continuous flow of activators to the interface region. 
However, if these cracks become 1oo large then buckling of the Ni substrate can occur 
possibly resulting in the oxide layer falling off and a reduction in the perfonnance of the 
cathode. 
6. 4. Microstructural Developments within the Nickel Substrate. 
Apart from the cracks and the skin that fonns in and on the substrate, other features 
have been noted to appear during operation of the oxide cathode. Because these 
features are buried in the substrate they have not been exposed during the top down 
analysis approach. 
Voids were one feature seen to develop during cathode operation (see Figure 5.36 and 
section 5.4). EDX spot analysis and mapping was perfotmed on these features. EDX 
analysis showed that Mg, Al, Ba, Sr and 0 were present in them. Voids were also seen 
in the FIB cross-section of the oxide cathode which had 0 hours of life (see Figure 
5 .46). Evidence was found which demonstrated that the grain size above these voids is 
much smaller than the grain size of the substrate Ni under the voids. With the grain size 
above the voids being roughly 0.5 !J.m compared to the 20 !J.m below the voids. SAD & 
EDX analysis both indicated the presence ofMgO and BaAh04 (see sections 5. 4. 3 and 
5. 4. 4). The evidence fro1n the various speciinens indicates a development of the voids 
with titne, where pinhole voids present at 0 hours later coalesce to fonn much larger 
pores. The small grain size nickel layer is a new finding. SAD fro1n this small-grained 
layer confirmed that it is Ni (see Figure 5.52). EDX spectra produced clearly showed 
that this layer is identical to the substrate material, i.e. Ni alloyed with W. The Ni layer 
with the very stnall grain size was 0.5 J..tnl in depth after 1000 hours (see Figure 5.46) 
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and this had increased to 3 ｾｵｮ＠ after 2000 hours. In addition to this layer's growth, the 
MgO and BaAh04 continue to fonn as separate phases within the cracks. The identity 
of the oxide products was established by EDX analysis and electron diffraction (see 
sections 5. 4. 3 and 5. 4. 4). Finally to conclude, previously cracks had fanned parallel 
to the interface of the oxide coating, but as a result of crack growth. During early 
studies pinhole voids were seen to be forming parallel to the interface and were separate 
from the growing cracks. It later emerged that these pinhole voids were increasing with 
tilne and coalescing to form large voids. Like the cracks MgO and BaAh04 with the Sr 
possibly substituting the Ba were fanning in these voids. 
Thus, it has been clearly demonstrated that these voids increased in length and width as 
a function of time. However, as the voids grow in the Ni substrate and parallel to the 
interface i.e. buried with no connection to the interface, they act as sinks for the 
diffusing activators, which consequently reduce the perfonnance of the oxide cathode. 
Therefore, unlike the cracks which can have a positive influence on the perfonnance of 
the cathode these voids have a negative affect. 
6. 5. A Suggested Mechanism for the Interactions that Take Place in 
the Interface and Substrate of the Emissive Oxide Cathode. 
The first feature discussed in this thesis was a thin interfacial layer that fonns at the 
interface of the emissive oxide and Ni substrate and this has been referred to as the 
'skin'. During this study three different sample preparation techniques have been used 
i.e. oxide coating peeled with adhesive tape and then top down analysis, tnechanical 
cross-sections of the interface region and FIB prepared cross-sections of the interface 
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region. These samples have then been analysed with a variety of analytical teclmiques, 
including AES, SEM and TEM. No matter which sample preparation technique or 
analytical teclmiques was used a thin interfacial layer was always found. 
Many spectra were collected with these different analytical techniques frotn this thin 
interfacial layer. From these spectra Ba, AI and 0 were always identified to be present 
in this layer. SAD patterns were collected fron1 a similar product and clearly showed 
that this layer was actually BaAh04. Although BaAh04 has been identified to be 
present at the interface before, it was initially believed that it would not be the tnost 
dominate compound at the interface, due to the presence of Mg. Mg was believed to be 
a much stronger activator than Al, not only because of its fast diffusion coefficient, but 
the driving force for the fotmation of MgO i.e. Gibbs free energy was greater than that 
of the driving force of formation for Ah03 as shown in Figure 1. 7. Although BaAh04 
had been identified son1e 60 years ago [7], it had more recently been suggested by 
Gaertner that when Al reduced BaO then Ah03 would fonn [19]. However, in this 
thesis it has been that Ah03 has not been observed. Recent work by Poret provides 
values for the equilibrium constants for reactions that result in the reduction of BaO 
(Keq) at 1073 l( [75]. This equilibrium constant is related to the Gibbs free energy for 
the reaction by the following equation: 
flG =-RT!nK -(12) 
Thus as the equilibrium constant increase the Gibbs free energy decreases. Which 
means that the higher the equilibrium constant for a reaction the greater the driving 
force for the reaction. Table 6.1 shows equilibrium constants for the self-decotnposition 
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of BaO, for the reduction of BaO by Mg with the formation of MgO and the reduction 
of BaO by AI with the formation of Ah03 and BaAh04. 
Table 6.1. Equilibrium constants and Ba equilibrium pressures foa· various BaO reduction 
reactions at 1073 K [75]. 
Reactions /(eq at 1070 k Pna at 1070 }{ (atm) 
BaO(s) <=> ｂｾｧＩ＠ + 1/202(g) 3.71 x ＱＰﾷ Ｑ ｾ＠ 3.71 x 1 ｯＭ Ｑ ｾ＠
BaOcs> + Mgcg> <=> Ba(g) + MgOcs> 4.13 X 10-l 1.74 X 1 o-z 
3Ba0cs) + 2Al(g) <=> 3Ba(g) + Ah03(s) 2.73 X 107 2.14 X 10-4 
4Ba0cs> + 2Al(g) <=> 3Ba<g) + BaA1204(s) 6.29 X lOu 2.83 X 10-:l 
These equilibrium constants challenge the classic Ellingham data. In Figure 1. 7 the 
Ellingham diagram showed that the driving force for the formation of MgO was much 
greater than that of Ah03• Fron1 these equilibrium constants we see that the driving 
force the fonnation for Ah03 is slightly greater than that ofMgO, but more importantly 
the equilibrium constant for BaAh03 is n1uch greater than any of the other products that 
may forn1 as Mg or AI reduce the oxide layer. Further still, Poret states "If the 
evaluated Ba pressure is smaller than the one that would be produced by the thermal 
self-decomposition of BaO the element would be considered to be inert. On the 
opposite, if the evaluated Ba pressure is greater than the barium vapour pressure value 
the element is considered as a strong reducing agent" [75]. In the table above values 
for the Ba equilibrium pressures for reactions involving the self-decotnposition of Ba, 
Mg and Al are presented. From the statement made by Poret it is clear that when Al 
forms BaAh04, AI is the strongest activator used in this systen1 and this can explain 
why this thin layer is composed of BaAh04. 
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Thin AI containing layers have been identified on other Ni substrates. For example in a 
study of NbAl substrate a NiAh04/ Ah03 continuous layer was reported to be present 
on the substrate after being exposed to 825 °C (1 098 l(). Apparently this layer was then 
joined to a deeper Ah03 grain boundary network in the alloy near the exposed surface 
[76]. In another study it was reported that a thin alun1ina layer had formed at the 
surface of a Nb6Al substrate after 500 hours of heating in a gas tnixture with 1 vol% 
H2S with a partial pressure of oxygen of 1 o-23 bar at 900 °C [77]. It is apparent that AI 
alloy containing Ni substrates form thin AI containing layers. Thus, the observations of 
this current study are consistent with a broad range of evidence. 
Additionally, Sr has also been found on a regular basis in this layer. There have been 
arguments for why Sr would not be found in an interface layer, as tnentioned previously 
(see section 2. 3). Poret also provides the equilibriutn constant for the reaction of 
gaseous Ba with SrO, see Table 6.2. 
Table 6. 2. Equilibrium constant for reaction between gaseous Ba and SrO at 1073 K [751. 
Reactions /(eq at 1070 I{ 
SrOcs) + Ba(g) <=> Sr(g) + BaO(s) 1.57 x 10-' 
The 'reducing strength' of an element for SrO can then be estimated by 1nultiplying the 
equilibrium constant of the corresponding reaction for BaO in Table 6.1 with the 
equilibrium constant above. The next table shows the equilibriutn constants that have 
been calculated for those reaction in Table 6.1 for SrO. 
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Table 6 3. Calculated equilibrium constants for various SrO reduction reactions at 1073 K. 
Reactions f(cq at 1070 l\: 
SrOcs) + Mgcg) ｾ＠ Srcg) + MgOcs) 0.06 
3Sr0cs) + 2Al(g) ｾ＠ 3Sr(g) + Ah03(s) 4.29 X 106 
4 BaOcs) + 2Alcg) ｾ＠ 3 Bacg) + BaAh04Cs) 9.88 X 1012 
From this table it can be seen that the equilibrium constants for reactions involving Sr 
are lower than their Ba counterparts except of the reaction involving Mg and Sr. Of 
course these reactions are subject to kinetic as well as thermodynamic arguments. 
Furthermore, during a study into the diffusion of elements in the Ni substrate used in the 
oxide cathode, Aten et al showed that Sr diffuses from the oxide and into the Ni, 
although at a rate of 1 0 thnes lower than Ba [71]. Therefore SrO tnust have been 
reduced for elemental Sr to be detected. Meaning that 'free' Sr is available to react and 
form reaction products such as (Ba,Sr)Ah04. 
At the start of this study an interfacial layer/layers were expected to be found. What 
was not predicted was the discovery of cracks. In this study cracks have been shown to 
form at the very early stages of oxide cathode operation. These cracks grow in both 
width and length as a function of operational titne. Although finding cracks in this Ni 
substrate was a new finding it is well known that sulphur embrittlement can lead to 
cracking. For example it is well known that if sulphur is present in the attnosphere 
when the Ni is heated above 320 °C the Ni will start to crack due to grain boundary 
attack. The sulphur embrittles the grain boundaries and can result in catastrophic failure 
[36]. Although sulphur has been detected once in this study it is unlikely to be the main 
cause for the cracking (see Figure 5.26). 
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During this investigation AI and Mg containing products have frequently been observed 
within the grain boundaries/cracks. For these products to form the AI and Mg tnust 
segregate to the grain boundaries. As discussed in Chapter 1 these elements diffuse 
through the Ni substrate, especially the grain boundaries. The rate controlling diffusion 
path can be clarified by the ratio of the exposure temperature of the Ni with the Ni 
melting point. If this is greater than 0.5 than the grain boundary diffusion is the 
dominant diffusion mechanism. The Ni is exposed to 820 °C during oxide cathode 
operation and the melting point of the Ni is 1485 °C. So this ratio is 0.63, which 
indicates that grain boundary diffusion is likely to be the d01ninant diffusion 
mechanism. Hondros derived the following equation to calculate whether an alloying 
element will segregate to a grain boundary of a particular substrate [78]: 
(J, = ex1 (y1 ｾｾＩｷ＠ j-1- (13) 
where f3s is the enrichment factor, n is the surface tension for the solid vapour phase for 
the substrate, y2 is the surface tension for the solid vapour phase for the alloy 
constituent, OJ is the area occupied by mole of species (1n2), R is the universal gas 
constant (8.314 J mor1 K) and Tis the tetnperature (K). Values of the surface energies 
for the liquid vapour phase for Ni, Mg and AI were supplied by NPL, Teddington, UK. 
However, to use Hondros equation these values had to be converted to surface energies 
for the solid vapour phase using the equation below: 
Ys = 1.2(rLv) + 0.45(T,,-T)- (14) 
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where Ys is the surface energy for the solid vapour phase for a patiicular element (mJ m-
2), YLv is the surface energy for the liquid vapour phase for a particular element (mJ m-2), 
Tm is the melting point for that eletnent (K) and T is the temperature (K). Table 6.4 
shows values of Tm, ')'LV and Ys for Ni, Mg and Al. 
Table 6.4. Values ofT."' YLv and Ys for Ni, AI Mg. The YLv data was supplied by NPL, Teddington. 
Element T111 (K.) ')'Lv(mJ m-2) Ys (n1J tn-2) 
Ni 1728 1178 1699 
Al 933 914 1024 
Mg 923 559 594 
The enrichinent factor for Al and Mg with Ni has then been calculated, where w for 
metals is roughly 1 x 1o-4 m2• 
Table 6.5. Calculated enrichment factors for Mg and AI in Ni. 
Eletnent ｾｳ＠
Mg inNi 2.38 
Al in Ni 1.10 
If the enrichment factor is greater than 0 then it suggests that the element will segregate 
to the grain boundaries of the substrate. Frotn the calculated enrichtnent factors for Mg 
and Al in Ni, it can be seen that there is a thermodynamic driving force for these 
elements to segregate to the grain boundm·ies, with the driving force for Mg being 
greater than that of Al. 
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So it has been shown that there is a driving force for Aland Mg to segregate to the grain 
boundaries, which would then embrittle the grain boundaries and form cracks. 
However, in this thesis it has been identified that (Ba,Sr)Ah04 forms in these cracks. 
Which would mean that there is driving force for the Ba and Sr to diffuse either down 
the cracks or into the Ni. Aten showed that indeed Ba and Sr both diffuse into the Ni 
suh;trate[71]. Recent work has shown why the Ba and Sr diffuse into the Ni [33]. To 
understand why Ba and Sr diffuse towards and into the Ni we have to consider the oxide 
cathode as an electrochemical cell, with the oxide coating being the electrolyte, which 
exhibits electronic and ionic conductivity, as shown in Figure 6.3 [79]. 
Figure 6.3. Macroscopic model of an oxide cathode showing four regions: the cathode nickel 
with activators, an interfacial layer (1), the bulk oxide layer Qf (Ba,Sr)O and the top with 
layer with elemental Ba and Ba2+ ions, lowering the work function. The arrow indicates the 
direction of the charge carriers at operating voltage settings 179]. 
Electrolysis of BaO will only occur when the voltage difference, V 0 , across the oxide 
layer is larger than the decomposition voltage of BaO, which is 2.3 V at 1050 K [80]. 
As a result of the electrolysis, Ba + ions diffuse towards the Ni substrate. If a crack 
forms in the Ni then V0 will extend into the substrate and will provide a driving force 
for the Ba to diffuse into the Ni. It has also been reported that SrO can also be 
electrolysed [33 , 79]. Thus, explaining why (Ba,Sr)Ab04 forms in the cracks. One final 
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observation that has been made about these cracks is that these cracks are wider where 
the MgO is located in the crack compared to the crack width where there is BaAh04 
(see Figure 5.32, 5.32 and 5.38). This is a result of the density of the two products 
where BaAh04 is denser than MgO with the density of MgO being 3.5 g cm-3 
(calculated from first principles) and the density of BaAh04 being 5.01 g cm-3 [81]. 
Thus for the san1e mnount of tnoles present in crack for the two species the MgO will 
take up a larger amount of space, and hence why the cracks m·e wider where there is 
MgO. 
The thin interfacial layer and cracks are not the only products to form in and on the Ni 
substrate during operation. In the FIB cross-sections, products and voids were found 
forming parallel to the interface in both the 1 000 and 2000 hotu·s specitnen, as shown in 
Figures 5.50 and 5.58. It has been shown that the space for which these voids vacate 
increase with time along with the amount of product in these voids. These voids form 
due to a diffusion phenotnenon known as the I(irkendall effect. This phenotnenon was 
first noted after an experiment by Stnigleskas and Kirkendall [82], who welded copper 
and zinc together and placed wires into the weld interface as markers. After heating the 
diffusion couple to a temperature close to the melting point of the tnetals, they 
discovered that the marker wires had tnoved into the zinc. This was explained due to 
the fast diffusion of the zinc atotns into the copper and the slower diffusing copper 
atoms in to the zinc. Thus, it was postulated that there was a greater flux of mass frotn 
the zinc side of the diffusion couple, thus n1oving the wires into the zinc. 
The Kirkendall effect is indicative that a vacancy mechanistn is resulting in diffusion of 
atoms in a system. It is well la1own that the vacancy mechanistn for diffusion is the 
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normal diffusion mechanistn for a face-centred cubic metal such as Ni. Firstly because 
it requires less energy than other diffusion tnechanisms i.e. interchange and Zener ring 
mechanistns, and secondly the l(irkendall effect has been observed in n1any diffusion 
experiments. The formation of pores parallel to the interface of a diffusion couple can 
be result of the Kirkendall effect. For example in the oxide cathode there are fast 
diffusing activators diffusing out of the Ni and slow diffusing Ba and Sr into the Ni. As 
a result there is a greater flux of mass out of the Ni. Consequently, the Ni will shrink 
and the interfacial area will expand. However, the shrinkage of the Ni is within the 
diffusion zone i.e. the area between the pores and the Ni surface/interface. The rest of 
the bulk Ni resists this shrinkage and sets up a state of stress within tllis diffusion zone. 
Normally vacancies that form due to the formation of the I<irkendall effect will be 
annihilated at grain boundaries or at the surface. However, these pores have only been 
seen to fonn after 1000 hours. Before 1 000 hours the thin interfacial layer and grain 
boundaries are covered with reaction products. Therefore, the sinks for vacancies that 
would normally exist do not, and as a result these vacancies coalesce and form voids 
like those seen in Figure 5.50 and 5.58. These voids then act as sinks for those elements 
that are diffusing in and out of the Ni. As a result we see the fonnation of the MgO and 
(Ba,Sr)Ah04. 
Furthennore, due to the stress that is present in the diffusion zone of the Ni, we see the 
formation of sub-grains (as highlighted in Figure 5.46 and 5.54). Sub-grains or low 
angle grain boundaries form as a result of dislocations present in the stressed material 
(diffusion zone in the Ni) rearranging thetnselves perpendicular to the surface in a 
vertical alignment. This then reduces the stress within the 1naterial and sub-grains are 
formed. Hence, explaining why a light contrast was shown in the Ni of the FIB cross-
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sections for the 1000 hour and 2000 hour operated oxide cathodes (see Figure 5.50 and 
5.58) 
• -- :_ . - - •. 
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' ' ' 
ｾ＠ Thin BaAI20 4 
interfacial layer 
Formation of cracks full 
of MgO and BaAI20 4 
0 - 1 000 hrs of oxide cathode operation (a) 
Stress state is set up 
and sub grains form 
Formation of voids full 
of MgO and BaAI20 4 
1 000 - 2000 hrs of oxide cathode operation (b) 
Figure 6.4. Schematic ､ｩ｡ｧｲ｡ｾｳ＠ illustrating the features that form as a function of 
operational lifetime; (a) cracks and skin layer during the first I 000 hours of operation and 
(b) the skin layer remains at a constant thickness, cracks increase in number and continue to 
grow in width and length, a stress field is set up in the diffusion zone and forms sub-grain 
boundaries and voids form at the end of this diffusion zone. 
Figure 6.4 illustrates what features form during 0 to 1000 hours of operation and 1000 
hours to 2000 hours of operation. Starting with Figure 6.4 (a), it is seen that a thin 
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interfacial later of (Ba,Sr)Ah04 forms in the early stages of life and has a constant 
thickness of 1 00 nm for the rest of the cathodes operational life. Cracks in the Ni also 
form in the early stages of life and continue to grow in length, width and number. 
These cracks form due to the segregation of AI and Mg to the grain boundaries and 
reacts with incoming diffusing Ba, Sr and 0 and fonn (Ba,Sr)Ah04 and MgO inside the 
grain boundaries, which are then embrittled and form cracks. After the first 1 000 hours 
voids form parallel to the interface due to the Kirkendall effect. The vacancies which 
coalesce to form the voids cannot be annihilated at the grain boundaries or the surface 
as reaction products are fotmed on these surfaces. These voids then act as sinks to 
oncoming diffusing species and MgO and (Ba,Sr)Ah04 are formed. As a consequence 
of these voids forming a stress state is set up in the diffusion zone and forms a sub-grain 
structure, as shown in Figure 6.4 (b). These cracks continue to grow and form a 
network of cracks. The voids move deeper into the Ni substrate as the diffusion zone 
increases as a function of operational lifetime. 
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Conclusions and Suggestions for Further Worl<. 
7. 1. Conclusions 
This work has employed a number of analytical techniques to investigate the chemical 
reactions and related material degradation phenotnena occurring at the Ni 
cap/en1issive oxide interface of oxide cathodes as a function of operational life. The 
main conclusions from this work are: 
( 1) A range of different sample preparation teclmiques have proved successful in 
analysing and tmderstanding the interactions in oxide cathodes. Removal of the 
etnissive layer by repeated stripping using an adhesive tape is an excellent tnethod of 
revealing the interface for 'top down' analysis by SEM, AES, EDX and ToF-SIMS. 
This method exposes substantial regions of the underlying Ni cap surface without 
introducing contruninates or mechanical dan1age. Two cross-sectioning tnethods have 
been employed (i) Mechanical cross-sectioning and metallographic polishing for SEM 
and (ii) FIB-sectioning. The fonner provides good quality SEM/EDX data on crack 
formation and chemical con1position of reaction products. By careful preparation, the 
latter yields srunples from which excellent tnicrostructural infonnation (via TEM 
bright field a11d SAD) and chemical cotnpositional EDX data can be obtained. 
(2) There are a number of processes occuning simultaneously in the interface region. 
These can be broken down into the following: (i) fonnation of an interfacial layer 
(termed 'skin') at the immediate interface between the Ni cap and etnissive oxide; (ii) 
crack development at grain boundaries in the Ni cap (iii) reaction product fonnation at 
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these grain boundary cracks (iv) voids fonning parallel to the interface (v) reaction 
products forn1ing at the voids and (vi) sub-grains forn1ing between these voids and the 
interface. 
(2)(i) Sldn formation: Throughout this study it has been shown that a thin interfacial 
layer ('skin') is present at this interface. This is a semi-continuous layer which does 
not inhibit diffusion of activators to the oxide coating. This study has shown that the 
layer has a thickness of no tnore than 1 00 nm and once fonned, the skin does not 
increase in thickness during the operational lifetime of the oxide cathode. TEM, AES 
and SEM/EDX results have identified the skin as (Ba,Sr)Ab04. This con1pound has 
been found with this particular oxide cathode system i.e. a double oxide coating 
(Ba,Sr)O and Aland Mg activating eletnents in the Ni substrate. Other systems may 
yield different interface layer products. 
(2)(ii) Grain boundary cracl<. development: During operation of the cathode, cracks 
form at grain boundaries in the Ni substrate. These cracks have both a positive and 
negative effect. The cracks form as a result of alloying elen1ents in the Ni substrate 
segregating to the grain boundaries and reacting with elements diffusing frotn the 
oxide coating. As the reactions progress, the cracks grow in width and length as a 
function of oxide cathode operating titne. These cracks can grow to a size that causes 
the Ni substrate to buckle and the oxide coating to detach, reducing the performance 
of the oxide cathode. These cracks also grow deeper as a function of operating time, 
forming an interlinking network. As the activating elen1ents become reduced in 
concentration near the interface, the cracks enable activators to continue to diffuse to 
the interface. Thus, the cracks are in1portant to oxide cathode operation as they act as 
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fast diffusion paths for activators, required for the optimum perfotmance of the oxide 
cathode. 
In these ｣ｲ｡｣ｫｾ＠ MgO and (Ba,Sr)Ah04 were found as reaction products. The reactions 
result from the activating elements diffusing to the grain botmdaries and both Ba and 
Sr diffusing from the coating. Ba and Sr are released as a result of the reduction of 
(Ba,Sr)O. Where MgO was found, the crack tended to be wider. This n1ay be due to 
the lower density of MgO compared to (Ba,Sr)Ah04. As the cracks elongated, MgO 
was not so readily found. This is probably due to the faster diffusion coefficient of 
Mg compared to AI. Thus, more MgO is formed in the early stages of operational life. 
(2)(iii) Microstructural developments within the substrate Ni: TEM studies of FIB 
prepared cross-sections have shown that reaction products fonn in voids within the 
Ni, parallel to the interface. Similarly to the cracks, these voids grow in width and 
length as a function of operating tilne and both MgO and (Ba,Sr)Ah04 were found as 
reaction products. As Ba and Sr were not able to diffuse to these sites via fast 
diffusion paths (i.e. grain boundaries) they must have diffused through the grains 
themselves. The voids which gradually coalesce together result from the Kirkendall 
effect. There is a preferential flow of mass in the direction of the oxide coating due to 
the slow incoming diffusing Ba and Sr species compared to the faster outward 
diffusing AI and Mg. The Ni above these voids/reaction products has a much smaller 
grain size than the bulle As a result of these diffusion processes taking place, the 
surrounding Ni is in a stressed state. Dislocations in the stressed Ni align themselves 
parallel to the interface to minimise their energy and sub-grains in the Ni are formed. 
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The data from all the processes described above has been integrated into a 1nodel with 
describes how these different processes act together during operation of the oxide 
cathode and are presented in Chapter 6. 
7. 2. Suggestions for Further Work 
The skin layer is a result of the Al activator in the substrate reacting with elemental 
species in the oxide coating. If the activating elements in the Ni substrate are changed 
then the interfacial products may be different. Furthermore, the thickness and growth 
characteristics of this layer may also change when changing the alloying constituents. 
Therefore, a similar study using a variety of different alloying constituents in the Ni 
would provide a further greater lll1Clastanding of the activating ele1nents role in the 
formation of this thin interfacial layer. 
Grain boundary area is one of the n1ajor factors that determine the extent of 
cracking. Experin1ents should be conducted using various starting grain sizes of the 
Ni substrate to see if an increase in the number of cracks occurs when the grain size 
decreases and what effect this has on the performance of the oxide cathode over 
operational life. It would also be interesting to see if different activating elements 
segregate to the grain boundaries (like those activating elements used in this study) 
and to see what products form in these cracks. 
A greater understanding of the interactions between vacancies and diffusing species is 
needed, in tenns of the crack formation and the voids that fonn parallel to the 
interface. Furthermore, a n1ore in-depth TEM study is also required for the sub-grains 
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" . 
that form in the Ni substrate to see if they have fonned as a result of the stress that has 
been induced due to the I(irkendall effect. 
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As a result of this study three journal papers have been written and published. The 
abstract and details of these papers are presented below: 
Preliminary results on the chemical characterisation of the cathode nicl{el-
emissive layer interface in oxide cathodes; S. Jenldns, D. Barber, M. Whiting and 
M. Bal{er, Applied Surface Science, 215, 78,2003. 
In the cathode ray tube (CRT) thermionic oxide cathodes, the nickel-oxide interface 
properties are key to understanding the mechanisms of operation. At the elevated 
operational temperatures, free barium is formed at the interface by the reaction of 
reducing activators, frotn the nickel alloy, with barium oxide. The free bariutn 
diffuses to the outer surface of the oxide providing a low work ftmction electron-
etnitting surface. However, during cathode life an interface layer grows between the 
nickel alloy and oxide, cotnprised of reaction products. The interfacial layer sets 
lhnits on the cathode performance and useful operational lifetime by inhibiting the 
bariun1 reducing reaction. This paper discusses sample preparation procedures for 
exposure of the interface and the use if several surface and bulk analytical techniques 
to study interface layer formation. SEM, AES and SIMS data are presented, which 
provide prelhninary insight into the tnechanisms operating during the cathode's 
lifetime. There is evidence that the activators elements in the nickel alloy base, AI 
and Mg, are able to diffuse to the surface of the oxide during activation and aging and 
that these elements are enriched at the interface after accelerated life. 
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Investigation of the Nicl{ei/Emissive Oxide Interface in Thermionic Emitters; 
D. Barber, S. Jenldns, M. Whiting and M. Bal{er, Surface and Interface 
Analysis, 36, 1190, 2004. 
Oxide cathodes act as electron sources in cathode-ray tubes (CRTs). In an atten1pt to 
understand the processes leading to degradation in their performance over lifetimes, 
SEM, EDX and AES have been used to examine the Ni base/emissive oxide interface. 
Oxide cathodes fron1 dtumny electron gun tubes were investigated after 0 h and 1 000 
h lifetime testing. The interface was studied (a) from above, by stripping away the 
etnissive oxide using adhesive tape, and (b) in cross-section. After fabrication and 
processing (0 h exposure), cracks exist at grain boundaries on the surface of the Ni 
base, probably due to thermal grooving. The activator elements, AI and Mg, are 
enriched on the metal surface: AI on the Ni surface and Mg at the crack mouths. 
After 1000 h of lifetime testing the cracks has widened and deepened, and the 
activator concentrations in the interface region had increased. Cross-sections reveal 
that chemical processes involving Mg occur primarily within the cracks, whilst those 
involving Al predominate at the Ni/oxide interface and on the oxide layer itself. An 
interfacial layer develops during cathode operation containing the elements Al, Mg, 
Ba and Sr. Further work is required to fully understand the degradation and activator 
reaction processes and to clarify the principle tnechanistn leading to reduced cathode 
perfonnance as a function of life time. 
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Analytical Interfacial Studies of Double Carbonate Thermionic Oxide Cathodes 
Over Accelerated Operational Life; D. Barber, S. Jenl\ins, M. Whiting and M. 
Baker, Applied Surface Science, Article in Press, 2005. 
Interfacial interactions between the Ni cap and emissive oxide in double carbonate 
thermionic oxide have been studied as a function of operational life by SEM, AES, 
EDX and TEM. The surface of the interface region has been studied by stripping 
away the oxide from the cap. In cross-section, the interface has been exatnined by (a) 
preparing 10° taper cross-sections and (b) cutting FIB sections. Cracks are observed 
to develop in the bulk Ni and become tnore pronounced as a function of operational 
life. Cracks are found both at grain boundaries and close to the surface, parallel to the 
interface. It is proposed that the cracks develop fron1 voids, formed as a result of the 
high diffusivity of Mg and Al in the Ni matrix. EDX shows the presence of Al, Mg, 
Ba, Sr and 0 within the cracks and it is proposed that two separate reaction products, 
MgO and (Ba,Sr)Ah04 are being formed. A thin (skin) layer containing Al, Ba, Sr 
and 0 forms at the Ni cap/emissive layer interface, attributed to (Ba,Sr)Ah04 
formation. 
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